










FOREWORD 


NASA experience has indicated a need for uniform criteria for the design of space vehicles. 
Accordingly, criteria are being developed in the following areas of technolo^: 

Environment 

Structures 

Guidance and Control 
Chemical Propulsion 

Individual components of this work will be issued as separate monographs as soon as they 
are completed. This document, part of the series on Chemical Propulsion, is one such 
monograph. A list of all monographs issued prior to this one can be found on the final pages 
of this document. 

These monographs are to be regarded as guides to design and not as NASA requirements, 
except as. may be specified in formal project specifications. It is expected, however, that 
these documents, revised as experience may indicate to be desirable, eventually will provide 
uniform design practices for NASA space vehicles. 

This monograph, “Liquid Rocket Engine Combustion Stabilization Devices,” was prepared 
imder the direction of Howard W. Douglass, Chief, Design Criteria Office, Lewis Research 
Center; project management was by Harold Schmidt assisted by Lionel Levinson. The 
monograph was written by L. P. Combs, C. L. Oberg, T. A. Coultas, and W. H. Evers, Jr., 
Rocketdyne Division, Rockwell International Corporation, and was edited by Russell B. 
Keller, Jr. of Lewis. To assure technical accuracy of this document, scientists and engineers 
throughout the technical community participated in interviews, consultations, and critical 
reviews of the text. In particular, G. D. Garrison of Pratt & Whitney Aircraft Division of 
United Aircraft Corporation; D. T. Harrje of Princeton University; J. M. McBride of Aerojet 
Liquid Rocket Company; R. R. Weiss of the Air Force Rocket Propulsion Laboratory; and 
R. J. Priem of the Lewis Research Center individually and collectively reviewed the 
monograph in detail. 

Comments concerning the technical content of this monograph will be welcomed by the 
National Aeronautics and Space Administration, Lewis Research Center (Design Criteria 
Office), Cleveland, Qhio 44135. 

November 1974 
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GUIDE TO THE USE OF THIS MONOGRAPH 


The purpose of this monograph is to organize and present, for effective use in design, the 
significant experience and knowledge accumulated in development and operational 
programs to date. It reviews and assesses current design practices, and from them establishes 
firm guidance for achieving greater consistency in design, increased reliability in the end 
product, and greater efficiency in the design effort. The monograph is organized into two 
major sections that are preceded by a brief introduction and complemented by a set of 
references. 

The State of the Art, section 2, reviews and discusses the total design problem, and 
identifies which design elements are involved in successful design. It describes succinctly the 
current technology pertaining to these elements. When detailed information is required, the 
best available references are cited. This section serves as a survey of the subject that provides 
background material and prepares a proper technological base for the Design Criteria and 
Recommended Practices. 

The Design Criteria, shown in italics in section 3, state clearly and briefly what rule, guide, 
limitation, or standard must be imposed on each essential design element to assure 
successful design. The Design Criteria can serve effectively as a checklist of rules for the 
project manager to use in guiding a design or in assessing its adequacy. 

The Recommended Practices, also in section 3, state how to satisfy each of the criteria. 
Whenever possible, the best procedure is described; when this cannot be done concisely, 
appropriate references are provided. The Recommended Practices, in conjunction with the 
Design Criteria, provide positive guidance to the practicing designer on how to achieve 
successful design. 

Both sections have been organized into decimally numbered subsections so that the subjects 
within similarly numbered subsections correspond from section to section. The format for 
the Contents displays this continuity of subject in such a way that a particular aspect of 
design can be followed through both sections as a discrete subject. 

The design criteria monograph is not intended to be a design handbook, a set of 
specifications, or a design manual. It is a summary and a systematic ordering of the large and 
loosely organized body of existing successful design techniques and practices. Its value and 
its merit should be judged on how effectively it makes that material available to and useful 
to the designer. 
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LIQUID ROCKET ENGINE 


COMBUSTION STABILIZATION DEVICES 


1. INTRODUCTION 

The problem of combustion instability, or oscillatory combustion, has been encountered in 
nearly all rocket engine development programs. Combustion instability severely impairs the 
operation of both the engine and the vehicle system, and considerable effort therefore has 
been directed toward solving the instability problem. In general, combustion instability 
results from a coupling of the combustion process and the fluid dynamics of the engine 
system. By this coupling, the combustion process delivers energy to pressure and velocity 
oscillations in the combustion chamber. Consequently, combustion instability may be 
significantly reduced or eliminated either by reducing the coupling of the oscillations and 
the driving combustion process or by increasing the damping inherent in the engine system. 
This monograph discusses the design of devices that are assumed to reduce 
coupling — combustion chamber baffles — and devices that are assumed to increase 
damping — acoustic absorbers. Methods of modifying the combustion process (e.g., changing 
injection element characteristics) as a means of achieving combustion stability are not 
considered to be within the scope of the monograph. 

The basic objective in approaching the combustion instability problem, with either baffles 
or absorbers, is to achieve adequate stabilization as simply as possible. Thus, for example, 
designs using simple, uncooled baffle structures are fully explored before designs using 
complicated, internally cooled baffle structures are considered. At present, however, few 
well-defined, established criteria exist for selection of baffle configurations, lengths, or 
spacings that will lead to stable operation of the engine. Most designs in use today were 
based on experience with similar combustion-chamber configurations, propellant 
combinations, and operating conditions. Analytical approaches to baffle design are quite 
new and, although not yet well established, show considerable promise. Baffle design as 
treated in this monograph therefore makes use of both empirical and analytical 
methods. 

During normal operation and, in particular, during unstable combustion, baffles may be 
subjected to large transient stresses, high heat loads, and corrosive environments. Again, 
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both analytical and empirical techniques for static and dynamic stress analyses, thermal 
analyses, and chemical compatibility analyses are discussed. 

Baffles can affect cxistinc cncine configurations. For example, the use of baffles necessitates 
discontinuities in injection patterns that, in turn, produce irregularities in the 
combustion-product flcnvfields and thereby produce poor performance. Baffle designs, 
therefore, interact directly with injector and combustion-chamber designs. Less direct 
interactions with propellant feed systems, thnist vector control systems, stability rating 
devices, and instrumentation systems may also be encountered. As shown in the monograph, 
early recognition of potential interactions is essential to minimization of deleterious effects. 

Acoustic absorber design is based on increasing the damping inherent in the engine system. 
As in the case of bafnes. few well-established guides for design exist. Analytical techniques 
for calculating and optimizing the absorber damping contribution arc discussed, and 
empirical results are presented. The analytical calculations have showm good qualitative 
correlation with test results and are considered reliable. Since the damping provided by an 
acoustic absorber is strongly dependent on the acoustic impedance properties of the 
absorber, considerable emphasis is placed on proper measurement and calculation of those 
properties. Detailed methods for calculating acoustic impedance are given in Appendix A. 

For both baffles and absorbers, the monograph treats the problem of converting the results 
of analysis. obsen.-ation, and test into useful structures that will provide the desired 
combustion stability over the required lifetime of the rocket engine. To this end, the details 
of configuration selection, construction, thermal control, and confirmation testing are 
presented in terms of the practices that have been used successfully in the design of baffles 
and absorbers for combustion chambers in operational engines. 
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2. STATE OF THE ART 


The state of the art of the design and use of combustion stabilization devices in liquid 
propellant rocket engines is discussed in the sections that follow. Both baffles and acoustic 
absorbers are treated in detail. A complete description of the phenomenon of combustion 
instability may be found in the major reference book on the subject (ref. 1); there, the 
theory and much detail on the work to date on combustion instability is presented. 
However, much of the material in reference 1 must be considered advanced technology and 
to some extent unproved. The emphasis in this monograph is on proved techniques that 
produced successful hardware. 


2.1 BAFFLES 


Baffles have been used successfully to prevent transverse acoustic modes of combustion 
instability; baffles have little if any effect on feed-system-coupled modes or longitudinal 
acoustic modes of instability. The transverse modes (i.e., tangential and radial), for which 
baffles have been found effective, are characterized by oscillatory pressure waves and 
gas-particle motion parallel to the propellant injector face. Pressure waves and gas motion 
affect the propellant combustion processes in a manner such that transient energy addition 
to each wave exceeds that wave’s energy losses. 

Several theories have been postulated to describe the method by which combustion-chamber 
baffles can bring about stable combustion. These theories can be grouped into two general 
classes. The first class postulates that baffles affect combustion instability by reducing the 
coupling of the combustion process and the oscillatory gas motion. One theory in this class 
presumes that baffles function by disrupting transverse gas motions; an allied theory 
proposes that they work by shielding certain sensitive regions of the combustion. Another 
theory in this class claims that the higher acoustic frequencies associated with baffle 
compartments result in lowered coupling. The second class of theories postulates that 
baffles function by increasing damping in the combustion chamber. One theory considers 
that oscillatory energy is dissipated by baffle tip vortices. Other theories in this class 
presume that baffles produce a drag on the flow over baffles and thereby increase the 
dissipation of oscillatory energy. 

The most important, and least understood, aspect of baffle design is how to ensure that the 
baffles will eliminate the instability. This elimination in fact entails using an adequate 
number of sufficiently long baffles to achieve the proper baffle compartment size as related 
to chamber acoustics. The other major aspects of baffle design deal with materials, 
structural design, thermal adequacy, and baffle interaction with other engine components. 
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to (ho acoustic*: of the combustion chamber, as approximatocl by the acoustic modes of a 
correspondinc closed chamber, a short discussion of classical acoustics will open the next 
section. This general background will prove heljiful in understanding subsequent sections. 

2.1.1 Combustion Chamber Acoustics 


The simplest and most widely used approach for the design of baffles is to place them near 
(he gas velocits' antinodes of the appropriate chamber acoustic resonance. This procedure 
requires knowledge of the acoustic resonance characteristics, which are usually estimated 
from the acoustics of .a corresponding closed chamber. Consideration has usually been 
confined to the acoustics of the unbaflled combustion chamber. Acoustic analyses of the 
baffled combustion chamber are sometimes attempted to give semi-quantitative indications 
of (I) degree of attenuation produced and (2) changes in modal frequencies and pressure 
distribution patterns; alternatively, similar information may be obtained from acoustic 
bench experiments with baffled model chambers. The more complicated and more costly 
analytical approaches are still qualitative, falling slumt of quantitative validity. 

A recent program (refs. 2, 3. and 4) aimed at developing methods for predicting the 
stabilizing effects of baffies has not yet been successful: however, it was demonstrated that 
the acoustics of baffied chambers may be calculated. 

Acoustic an_alys|s. - Analysis of the acoustics of a closed unbaffled chamber corresponding 
to the combustion chamber is based on solving the wave equation with boundary conditions 
appropriate to the particular chamber configuration. For conventional cylindrical chambers, 
for example, solutions for simple right circul.ir cylindrical cavities with both ends closed and 
with no through-flow are commonly used. The mathematical approach (separation of 
variables) and typical results are given in references 5 and 6; also given are solutions for 
annular cylindrical chambers 

Tlie resonant frequency and the locations of the maximum amplitude pressure and velocities 
vary with the acoustic mode. The transverse (tangential and radial) eigenvalues 0 ,„ „ and 
longitudinal eigenvalues q give the oscillation frequency f in Hz as 



(I) 
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where 


f = oscillation frequency 
c = velocity of sound 
Pm,n~ transverse eigenvalue from table I 
m,n = tangential and radial mode numbers (0, 1, 2. . . .) 

q = longitudinal eigenvalue (longitudinal mode number), q = 0, 1,2.... 
Dch = chamber diameter 
Lch = chamber length 


The pressure and velocity profiles for the fundamental tangential-mode traveling wave are 
shown in figure 1 (ref. 5). Baffles in the chamber, unless they are inordinately short, 
interfere with the traveling waves. This effect is an indication of the prime mechanism by 
which baffles are believed to work: the prevention of transverse gas displacement by the 
baffle surfaces. An integral part of this mechanism is reflection of pressure waves from the 
baffles. For greatest effectiveness, therefore, baffles have been located in regions of 
maximum acoustic particle displacement; i.e., positioned at velocity antinodal planes (for 
tangential and longitudinal modes, the pressure nodal planes). These positions may then 
become pressure antinodes for a new wave. Conversely, a baffle positioned at an established 
pressure antinodal plane normally has very little effect on oscillation amplitudes. 

Acoustic model experiments. — Some indications of baffle effectiveness have been 
obtained by performing acoustic bench experiments (refs. 1 and 8) with scale models of 
combustion chambers. Care must be exercised in interpreting the results of such 
experiments because the test amplitudes are relatively low. The models are usually 
constructed as closed chambers, with solid plates representing the injector and sonic plane at 
the nozzle throat. Small electromagnetic speakers are positioned at appropriate locations in 
the model to drive the chamber’s acoustic resonances. Resonant characteristics are discerned 
with strategically located or movable probe-type microphones (ref. 8). Typically, sound 
pressure level and phase at a given point are compared with values at a reference point. 

One very useful application of this technique is to identify the acoustic resonances that can 
be driven in a complicated chamber configuration. The frequency of driver oscillation is 
gradually changed, and the frequency and sound pressure level (SPL) at fixed points in the 
chamber are recorded as functions of time. Resonances are easily seen as peaks on the SPL 
records. Many resonances can be identified immediately from their frequencies and the 
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Table I. -- Tran<;verse Eigenvalues in a Cylindrical 
Chamber (ref. 7) 



Pm .0 ^ » 1 

Pm.n n » l,n>m 

2 4 
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Figure 1. ~ Pressure and velocity profiles for fundamental tangential-mode 
traveling wave (ref. 5). 
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recorded SPL’s at various positions. For others, subsequent experiments may need to be 
conducted in which driver frequency is held constant at that of the resonance while more 
detailed spatial amplitude and phase measurements are made. If desired, particle velocity 
characteristics may also be measured with hot-wire anemometers. The experimental 
techniques are described in references 8 and 9. 

Baffle effectiveness is studied in acoustic models primarily by comparing sound pressure 
levels for chambers with and without baffles. Potential baffle effectiveness is presumed to be 
proportional to the attenuation of the modes of interest. This attenuation does not reflect 
the effects of high-amplitude waves that occur in the combustion chamber. For modes that 
arc attenuated but not completely eliminated, a measurable parameter is the acoustic decay 
coefficient. Decay coefficients arc obtained from acoustic model experiments by abruptly 
stopping the oscillator)' .power to the acoustic driver and monitoring the temporal decay in 
amplitude of a particular resonance that was being driven. Part (a) of figxire 2 (ref. 9) shows 


A • WAVtltHCTH • t/f 

f • fUEdutHcr or MOt 

0 • OIWtTtA Of CHMBtR 

e • SftEO Of SOUND (COtO • IIJO FT/SEC ; HOT ■ J800 fT/SEC) 
h • AVERAGE OAfflE HEIGHT (AREA/fiAOIAL LENGTH) 

0 • DECAY MTE db/SEC 

HAlf-SCAll HOOEl 

rOLL-SCAU CHAHBEA 



(•) EFFECT OH decay MTE 



Figure 2. — Experimental results on effect of baffle height on first tangential mode (ref. 9). 
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typical results of this type of model experiment and presents comparable data from studies 
with full-scale 6hambers. Care must be exercised in setting the driver frequencies because 
baffles lower the resonant frequencies of the modes that they affect most strongly. 
Examples of such reduction are shown in figure 2(b) *, which also shows that these model 
effects are comparable to actual combustion-chamber behavior. 


2.1.2 Baffle Geometry 

2.1. 2.1 TRANSVERSE COMPARTMENT DIMENSIONS 

Although the baffle length (sec. 2. 1.2. 2) may be adequate to prevent resonances of the 
entire combustion chamber, the baffle corripartraents themselves can sustain a compartment 
mode of instability. The probability of this kind of instability lies in the response of the 
combustion processes to a compartment resonance. Generally, the likelihood of instability 
decreases as the resonant frequency decreases. This relation, in turn, implies that small 
transverse spaces between baffles are beneficial. In practice, there are several limitations on 
the number of baffles that can be used and on how closely they may be spaced. To 
minimize the likelihood of compartment modes, the compartment dimensions are 
minimized within limits set by structure, thermal environment, interactions with injection 
ports, and similar parameters. 

Baffle spacings that provide adequate stabilization most often have been arrived at by 
cut-and-try development testing. Personnel engaged in such developmental work have 
accumulated a body of experience that, although useful for a particular project, may not be 
applicable to new or different injector or chamber designs. Further, this experience is 
difficult to impart quantitatively to other designers. Recently, some success has been 
achieved in the application of analytical methods to the design of baffles. Because this 
approach can be (1) more nearly accurate quantitatively, (2) applied with greater confidence 
to situations outside the range of existing design experience, and (3) more readily imparted 
to other designers than can empirical knowledge, it is discussed first. 

Nonlinear combustion analysis for compartment sizing. — Analytical models of combustion 
instability have been recognized for some time as desirable aids in designing baffles. An 
analytical, approach to baffle design has been employed in some recent engine development 
programs (refs. 10 and 11). Limited experimental evaluations of the results look promising 
enough to warrant including an analytical examination of baffle spacing and length in any 
baffle design effort. 


*The limiting nondimensional frequency as h 0 in a cylindrical chamber is fD/c = 0.586 (table I). The higher value in 
figure 2(b) apparently results from the noncylindrical chamber shape used for the test. 
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T-h.' anrilylioa! prcwduro inako\ iiso of a nonlinear comlnistion-in'itabiliiy model such as 
Piiem’s (ref, 12i. A version of the I'riem model fora linear chamber (ref. 13) is particularly 
appropriate for baflle compartment study and has been used in several desipn analyses (refs. 
10 and 1 1 1. 1 he general approach is as billows; 

( 1) Develop a detailed description of the steady-stale-spray combustion field existing 
in the combustion chamber. Translate injection-element type and geometrj', 
propellant velocities, and propellant properties into predicted propellant spray 
characteristics at some axial starting plane downstream of the injector face (ref 
14). IKe a one-dimensional steady-state combustion model (ref. 15) to predict the 
nature of the combustion field downstream of the starting plane during stable 
operation: the resuIlN are input for the instability model. The output of this 
steady-state combustion model allows the calculation of parameters such as 
burning rate, liquid and gas velocities, and gas mixture ratio as a function of axial 
distance from the injector. Trom these data, determine a "most sensitive” axial 
location; this location is defined as the point at which the smallest pressure 
perturbation will cause an instability. Generally, at this point, the liquid and gas 
velocities are nearly equal and the burning rate is highest tref, 1 1). 

(2) Perform instability model calculations (refs. 11, 12. and 13) at the “most 
sensitive” zone to determine whether bafOes are needed. If they are found 
necessary, the bafnes must extend past the most sensitive zone. Perform 
sequential calculations vvith various model combustion widths (which now 
represent the spacing between adjacent baftles) to find a maximum 
bafne-cornpartment dimension that is predicted to afford adequate stabilit\‘. 

(3) Now, assume that the baffle compartments are sized to avert compartment modes 
of instability, and examine the stability of the combustion space downstream of 
the baftle tips Using a diameter for the model chamber equal to that of the 
unb.iftlcd chamber and starting from the most-sensitive-zone location, increase 
axial distance from the injector sequentially until some plane that is predicted to 
have adequate stability is reached. This plane is interpreted as defining a minimum 
baftle length for stabilization. 

The anah tical procedure assumes that there is no acoustic interaction between the baffle 
c<impartmenfs anil the unbaftled remainder of the chamber. Actual coupling .should provide 
additional damping, so that the predicted compartment dimensions and baftle lengths 
should be conservatively small and long, respectively. 

Pxperience guidelines for compartment sizing — I or many cylindrical chambers, burning 
a variety of propellants, adequate stabilization has been achieved with baftles spaced and 
oriented to produce maximum tr.msverse compartment dimensions ranging between 6 in. 
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and 15 in. (15.2 cm and 38.1 cm)*. The data have been summarized by McBride (ref. 1, 
secs. 8.2.2 and 8.2.3) by comparing compartment dimensions to the wavelength of a 
particular instability. The recommendation derived from the study was that the maximum 
transverse dimension w^ax (measured along baffle or chamber surfaces) should lie in the 
range 


0 . 2 X<w„,ax <0.4X ( 2 ) 

where X is the instability wavelength. The lower limit appears to have been based largely on 
LO 2 /LH 2 ** data of reference 16. 

Now consider a hub- and-spoke baffle design (sec. 2 . 1 .2.3) such that w© > w^ : 



Then the tangential baffle spacing for suppressing tangential modes becomes 


w^ ^ 3 ^ = (const) X = (const) 


^ch 


m ,0 


The tangential spacing is also related to the number of radial baffles Ng by 


'''^emax 


_ ^Dch 

N„ 


Hence, the quoted limits of w^ result in 


(3) 


(4) 


♦Parenthetical units here and elsewhere in the monograph are in the International System of Units (SI units). See Mechtly, 
E. A.: The International System of Units. Physical Constants and Conversion Factors, Second Revision. NASA SP-7012, 
1973. 

♦♦Materials, symbols, and abbreviations are identified or defined in Appendix B. 
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( 5 ) 


.Oh.., . .0 

0.2 “ - 0.4 


For the first t;incontiaI resonance 0, o ~ 0.586), the result is approximately 


I0>N„ >5bafnes 


Similarly, if \v, > w,, . the number of cylindrical baffle cans NVe niay be found to be 
approximately 


The values thus derived give wide ranges of design choice that must be narrowed for specific 
combustion chamber applications. Not only is a wide choice of the number of baffles given 
by the empirical equation for w,,,,, , but it is obviously incorrect in the case of small 
combustion chambers, because the number of baffles is shown to be independent of 
chamber diameter. Such a relationship is obviously absurd since it would require tiny (1 in. 
diam.) chambers to have at least five baffies. The empirical process of narrowing the choice 
depends heavily upon past experience. Recitation of some general guidelines, none of which 
is infallible, and citation of some specific examples may be helpful. 

Generally, the larger the chamber, the greater the possibility that more than the minimum 
number of baffles will be needed to accomplish adequate stabilization, as indicated in table 
II. The tabulation, although not complete or totally consistent since different propellants 
and injector types are included, shows that the average value for the parameter Djh/Na is 
about 3. Although the ratio Dfh/Kj, is often used in the literature as a measure of baffle 
requirements, it appears that the ratio D^h/tN’i, -2) would be a considerably better 
parameter. The use of a single diametral or radial baffle does nothing to the first tangential 
mode except require that it stand instead of spin. Thus, the addition of one or two radial 
baffles has virtually no effect on the most common mode of instability. It is only when 
three baffles are used (i.e., N|, = 3 or Nj, - 2 = I) that a change is made in the instability 

mode. 



( 6 ) 


where Po.n is the n**' radial resonance. 


Rounding off to the next larger integer for the first radial mode (jSo .i = 1.22), 


3>NVc > 1 


(7) 
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Table II. — Relation of Chamber Diameter to Number of Baffles in 
Dynamically Stable Operational Engines 


Engine 

Chamber 

diameter, 

^ch 

Number of 
radial 
baffles, 
Nb 

Dch/Nb 

Dch/(NB-2) 

in. 

cm 

in. 

cm 

in. 

cm 

RS-14* 

3.2 

8.1 

3 

1.1 

2.8 

3.2 

8.1 

LM Ascent*‘ 

7.79 

19.8 

3 

2.6 

6.6 

7.8 

19.8 

Titan Stage II 

14.5 

36.8 

7 

2.1 

5.3 

2.9 

7.4 

Apollo Service Module 

17.6 

44,7 

5 

3.5 

. 8.9 

5.9 

14.9 

Titan Stage I 

20.0 

50.8 

7 

2.9 

7.4 


10.2 

Atlas Booster and H-1 

20.4 

51.8 

6 

3.4 

8.6 


13.0 

F-1 

39.0 

99.1 

8 

4.9 

12.4 


16.5 


♦Also used absorber 


In addition, it can be seen that by the use of Nb - 2 the ratio of maximum to minimum 
values for the parameter has been reduced from about 4.5 to about 2.7. Further, the two 
engines with the high numbers, the F-1 and the LM Ascent, are noted for extremely stable 
injectors; the former derives its stability from very large fuel orifices, the latter from a 
highly effective acoustic absorber. Thus, if one is to achieve a rule of thumb from this 
experience, it appears that a good empirical relationship worth remembering would indicate 
that when Dch is expressed in inches the ratio Dci,/(Nb — 2) should be not more than about 
5. 

However, Dci,/Nb or Dch/(NB — 2) is almost totally dependent on the injector type and 
pattern and the propellant combination. Closer baffle spacing is required with injectors 
designed to produce good interpropellant mixing and finely atomized sprays than with 
“coarse” injectors (ref. 1, sec. 7.4.6, and ref. 17). Reference 17 presents minimum 
combustion response times determined for several injectors using LO 2 /LH 2 propellants. 
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These values arc indicative of maximum resonant frequencies allowable in a baffle cavity or 
combustion chamber. According to one theor>', elaborated in references 18 and 19, if the 
period of the instability is less than the response time, the combustion will not respond to 
the instability wave and therefore will remain stable. 

A rule of thumb sometimes applied i.s that there is little likelihood of instability if the baffle 
compartment transverse resonant frequency exceeds 5000 H/. Many examples may be cited 
where stability was achieved with far lower frequencies (c.p.. the even numbers of baffles in 
the foregoing list); most of these chambers had moderately coarse injection patterns and 
hole sizes. With ver>‘ fine atomization and good interpropellant mixing, baffle compartment 
modes of instability at frequencies of over 9000 Hz have occurred. Design of baffle spacing 
to raise the lowest compartment resonances to even higher frequencies may be physically 
impractical. In that case, -stabilization of the baffle compartment modes has sometimes been 
achieved by using some other device (c,g., an acoustic cavity) to provide auxiliary damping. 

2.1.2.2 BAFFLE LENGTH 

Baffle length is the distance downstream of the injector to which a baffle assembly extends. 
If the injector is cun, ed or if baffle length is not constant across the injector face, it may be 
appropriate to define a mean baffle length. For example, with radial variation of baffle 
length, the expression 


Lj, = mean baffle length 

r = radius, i.e., radial distance from chamber axis 
Lj,(r) = baffle length at r 
r^f, ~ radius of combustion chamber 

has been used (refs. 1 and 9). For tangential modes, however, more influence is exerted on 
combustion stability by the outer portions of baffles than by the inner portions, so that 
such a definition appears incomplete. If baffles extend uniformly to a given chamber cross 
section, the baffie length at the chamber wall might be considered to be the appropriate 
minimum variable. 



(7) 


where 
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The length required to effect adequate stabilization varies among baffled liquid rocket 
engines by as much as an order of magnitude (V 2 in. [1.27 cm] for small storable-propellant 
engines to 5 in. [12.7 cm] for large toroidal aerospike engines). The requisite length appears 
to be influenced strongly by the propellant combination and the injector design and less 
strongly by combustion chamber design and operating conditions (see item 3 in the 
nonlinear combustion analysis previously described). 

A recent experimental study of baffle spacing (ref. 20) indicates that it may be possible to 
determine the required baffle length from cold-flow analysis. Using cold-flow techniques 
originally developed by J. Rupe and described in references 14 and 15, Clayton found that 
the required baffle length for dynamic stability coixesponded to the point of uniform 
propellant distribution in the chamber. This criterion was very successful in correlating 
baffle length with spray analysis. 

Guidelines from hot-firing tests . — A majority of baffle lengths have been selected on the 
basis of past experience. Usually, experimental information with similar propellants, injector 
designs, and other parameters have served as a guide. Extension to designs or conditions 
beyond those for which direct experience has been established is always questionable, and 
experimental evaluation of new designs is essential. 

Full-scale engine experience regarding baffle lengths frequently has agreed with results 
obtained in experiments with appropriate model chambers. For example, hot-firing tests 
with LOX/RP-1 propellants in the Atlas booster engine, the H-1 engine, and 
two-dimensional and annular model chambers consistently demonstrated that baffles 2.5 to 
3 in. (6.3 to 7.6 cm) in length were needed to ensure stable operation. All the tests involved 
similar injector element types (self-impinging doublets) and design variables (hole sizes, 
spacings, impingement angles, etc.,) and essentially the same combustion-chamber 
contraction ratio and instability modal frequencies. Chamber pressure was varied from 
about 150 to 700 psi (1.03 to 4.83 MN/m^). 

Subsequently, the combustion chamber for the F-1 engine was found to require about that 
same range of baffle lengths, even though this larger engine had sizeable increases in 
injection-element orifice sizes, chamber pressure, and maximum baffle compartment 
dimensions, while the chamber contraction ratio and acoustic frequencies were very 
appreciably decreased. There is a strong implication, based on the above l,OX/RP-l 
experience, that baffle length either is constant or depends on other parameters not varied 
in these tests, viz., injection element type and propellant combination. With LOX/RP-1 
propellant, self-impinging element types (doublets and triplets) have nearly always been 
used. For experience with other injector types, other propellants must be investigated. 

The variation of stability with baffle length was measured in a series of tests with Lunar 
Module Ascent Engine (LMAE) (ref. 21). For these tests, the injection elements in the 
baffles were plugged, and the baffle was sequentially shortened. The results from these tests 
are shown in figure 3 (ref. 21). For baffle lengths less than 0.75 in. (19mm), instability was 
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MTIHC DEVICE 



Figure 3. - Effect of baffle length and cavity depth on damp 
time - Lunar Module Ascent Engine (ref. 21). 


readily initiated without a quartcrwavc-typc acou<;tic absorber. However, with the absorber, 
stability was maintained even when the baffle was removed entirely. 

Baffles have sometimes been made too long because of improper diagnosis of instability 
problems. The two cases described below were annular chambers and had fairly large 
contraction ratios. 

In the Extended Range Lance (XRLl booster engine (contraction ratio of three), baffles 
initially 3 in. (7.6 cm) long were insufficient to stop an anomalous first tangential mode. 
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This tangential mode was not clearly identified, but the frequency value was approximately 
that calculated for the first tangential. The decision was made to make the baffles 5 in. 
(12.7 cm) long. When this configuration was tested, the mode had a slightly lower frequency 
and the amplitude was decreased, but the instability remained. Later in the program, this 
particular instability was identified with resonance in the feed system and was completely 
eliminated by feed-system baffles. It is unlikely that the increase in baffle length provided 
much aid in instability suppression. 

In a similar case, an aerospike engine (contraction ratio of 12, utilizing hydrogen and 
oxygen propellants) exhibited an eighth tangential mode of about 1500 Hz. The combustion 
chamber had baffles 3 in. (7.6 cm) long; they were extended to 5 in. (12.7 cm) with little 
change in results, as in the case above. It was later found that the instability that had been 
attributed to insufficient baffle length was actually a feed-system problem, and the problem 
was solved by modification of the feed system. 

The proper approach, of course, is to be certain that the source of the instability lies in the 
combustion chamber before altering the chamber baffles. 

Experimental guidelines. — Considerable experience has been accumulated with the 
cryogenic LO 2 /LH 2 propellant combination and with the earth-storable propellants, 
primarily N 2 04/50:50*. Some of these data were reviewed by McBride (ref. 1, secs. 8.2.2 
and 8.2.3), who arrived at a conclusion that an optimum baffle length Lg opt is proportional 
to chamber size for cylindrical chambers, i.e., 

L3„p.= (0,2to0.3)D,, (8) 

It has been frequently observed that there is a minimum effective baffle length below which 
stabilization cannot be ensured. Figure 4 (ref. 1 6) presents an example of a chamber in 
which baffles shorter than 1 .0 in. were ineffective no matter how closely spaced. (It should 
be noted that the “McBride Criterion” (eq. (8)) appeared adequate for all baffles tested in 
reference 16 and thus would appear to give a generally conservative estimate.) When baffles 
longer than the minimum are used, a tradeoff of baffle length and maximum compartment 
size may be possible. It was proposed in reference 16 that, for baffles longer than the 
minimum effective, the maximum baffle compartment dimension could be as large as 
perhaps five times the baffle length. (This factor is just the slope of the stability boundary 
on the right hand side of figure 4, which happens to extrapolate nearly through the origin.) 
Considerably more data would be required to develop confidence in the approach, but it is 

interesting to consider the implications of the simple tradeoff relationship Lg > jWmax- 


♦50%N2H4: 50% UDMH, by weight. 
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Figure 4. - Correlation of linfflc length and mayimum compartment dimension (LO 2 /LH 2 , 
coaxial jet, o'f ■' 5)(ref. 16). 


If the larpcs! compartment dimension is \v„ , tlie dimension is related to the number of 

radial baffle blades in a cylindrical combustion chamber by equation (4). 

Then 


may be compared with McBride’s recommendation feq. (K)). 
Denotinc the baffle lenpth fwhen the equality holds) by : 


(9) 



3 

4 

5 

6 

min l^ch 

0.210 

0.157 

0.125 

0.105 
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These values suggest that McBride’s “optimum baffle length” could be appropriate only for 
three- or four-blade baffle configurations. 

If the largest compartment dimension is Wr „iax,niinimum baffle length may be related to the 
number of cylindrical cans by 


min 1 

^ 5(2Ncc + l) 

« for Ncc = 1 (10) 

for Ncc =2 

These numbers are appreciably smaller than the corresponding minimum blade lengths for a 
radial baffle. This difference suggests that a hub-and-spoke baffle conflguration (sec. 
2. 1.2. 3) with equal hub and spoke lengths may have hub lengths considerably in excess of 
the minimum when the spoke lengths are marginally larger than the minimum. This relation 
might partially account for the great preponderance of tangential modes among cases of 
instability observed with marginally adequate baffle designs. 


2.1.2.3 CONFIGURATION 

The nodal surfaces for the lower order modes in cylindrical and annular combustion 
chambers usually are radial planes or circular cylindrical surfaces. As a result, the plan view 
of common baffle shapes has continuous cylindrical cans positioned near the pressure nodes 
of the radial acoustic modes and plane radial vanes positioned to disrupt the tangential 
acoustic modes. These cans and vanes are combined to form a “hub-and-spoke” pattern. In 
other cases, only the tangential modes have been designed for, so that only radial vanes are 
employed. Both types of baffle design are illustrated in figure 5. On occasion, particularly in 
small chambers, the radial baffle blades have not extended to the center of the chamber; 
extreme examples of this are small baffle tabs extending only a fraction of a chamber radius 
from the chamber wall (sec. 2. 1.2. 3.1). 

The number of radial vanes used depends largely upon the diameter of the combustion 
chamber as discussed in section 2. 1.2.1. In general, an odd number of baffles is preferred 
over an even number, because an odd number (3, 5, 7, . . .) of radial baffles can be aligned 
with the nodal pattern of the corresponding (3, 5, 7, . . .) tangential mode, while an even 
number (4, 6, 8, . . .) can be aligned with the nodes of the lower order (2, 3, 4, . . .) 
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FigLirc 5. — Plan view? of some typical raffia! hlafle anrf hull and spoke baffle designs. 


tannonfial mode. There are ocea'iional exceptions, but experience has shown that it is nearly 
axiomatic that lower order modes, if allowed, are more likely to be initiated and sustained 
than a hicher frequency mode. Sometimes, however, structural convenience will insist on an 
even-number symmetrical baffle conficuration. 

Some examples of the results of a particular number of baffles illustrate the effects being 
discussed. A single radial baffle ensures only that the first tangential standing rather than 
traveling mode would be driven (fig 6): two radial (one diametral) baffles have precisely 
the same effect. As shown in figure 7, three radial baffles are effective in eliminating the first- 
and second-order modes but have no effect on the third tangential mode, whereas four 
radial baffles are effective in eliminating the first- and third-order modes but the second and 
fourth would be unattenauted. Five radial baffles help prevent the occurrence of all modes 
having order lower than fifth, while six radial baffles affect the first, second, fourth, and 
fifth, but leave the third and sixth unattenuated: and so forth. 

The foregoing discussion assumes that the baffles are long enough to be effective and that a 
given number of baffles is distributed with equal spaces between them. Nonuniform spacings 
and nonradial baffles have sometimes been advocated as a means of achieving greater 
stabilization with a given number of baffles. Some examples are sketched in figure 8. 
1 xperimental evaluations of such configurations rarely have been very extensive; however. 
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VELOCITY NODAL LINE 
ISOBARS 


PRESSURE 
NODAL LINES 



(a) UN6AFFLED: PATTERN EITHER 
STANDS OR SPINS 


(b) SINGLE RADIAL (OR DIAMETRAL) 
BAFFLE: PATTERN STANDS WITH 
VELOCITY NODAL LINE ALONG BAFFLE 


Figure 6. — Effect of a single baffle on first tangential mode. 



Figure 7. - Mode fitting: odd number of baffles, j, fits tangential 
mode; even number of baffles, k, fits (k/2)*^ tangential 
mode. 
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Figure 8. - Examples of nonradint baffles and baffle configurations with nonunifornn spacing. 


accumulated hot-firinp experience generally has failed to indicate any stabilization 
advantages for such baffle orientations over the conventional uniformly spaced 
hub-and-spoke arrangement. The “banana baffle” conceived from results of acoustic 
analyses (ref. 221 did not prevent the first tangential mode (ref. 9). There may be valid 
reasons for using orientations of the sort sketched in figure 8 (c.e.. avoiding excessive 
propellant splash, heating of baffles, or interaction with tlmist-vector-control injcctant), but 
no increases in stabilization have been demonstrated with these patterns compared with 
hub-and-spoke configuration. 

An important subject, but beyond the scope of this monograph, is instability coupled to the 
feed system. This kind of combustion instability is discussed in detail in references 23, 24, 
and 25. It is important to mention here, however, that orientation of the baffles with 
respect to the feed system may be such as to anchor a feed-system oscillation. In the case of 
the F-1 engine, fuel-system oscillations generally were seen to occur with the fuel inlets as 
pressure anti-nodes. Similarly, the 1.0X-system oscillations preferred to stand around the 
LOX dome splitter. It would be nearly impossible to design a feed system that did not have 
a preferred orientation for a standing wave in the hydraulic side of the injector. As 
mentioned previously, feed-system-coupled oscillations have been mistaken for baffle 
problems. 


Of 


To compound the problem, the injector symmetry usually makes it most convenient from a 
design standpoint to attach the baffles directly over one of these feed-system barriers, e.g., 
the LOX dome splitter. When this design practice is employed, the feed system and the 
combustion chamber can oscillate together (acoustic velocities in most liquids are very close 
to those in combustion gases) and thus easily reinforce each other. Unfortunately, no 
systematic study has been made of this coupling, so that there is no definite proof that the 
combustion gas and liquid side couple. 

2.1. 2.3.1 Profile 

If one looks across the injector face to obtain a profile or elevation view normal to a baffle’s 
surface, two key design points emerge: baffle conformity to instability modal velocity and 
pressure distribution, and continuity of baffle surfaces with adjacent surfaces. The profile of 
the baffle is shaped to obstruct acoustic particle displacement; this dictum follows directly 
from the preceding discussion. Although baffle location is based on the description of 
particle displacement patterns, baffle effectiveness also depends on the pressure oscillation 
pattern. This fact sometimes is used to modify the design, particularly the baffle profile. 

The role of baffle profile is best illustrated with an example. For the first tangential 
traveling wave, the maximum amplitude of particle velocity occurs at the center of the 
chamber, where the pressure amplitude vanishes. Near the walls, pressure amplitude is at a 
maximum, whereas particle velocity is finite but has lower amplitude than at the center. It 
has sometimes been found that combustion-chamber stability to this mode is not impaired 
by removing the central portion of radial baffles. In the extreme, some small rockets have 
been stabilized with very small baffle tabs extending from the wall as shown in figure 9. 

A less extreme example is the use of “wing-shaped” baffles (fig. 10) in stabilizing the 
Gemini engines (ref. 26). Truncated baffles, as in figure 9, have been used for engines that 
were only marginally unstable, so that only a small amount of disruption of wave travel was 
needed to effect stability. 

Partial propagation of pressure waves and gas flows jetted through gaps between baffle and 
injector, between baffle and chamber wall, or between baffles may subvert the intended 
stabilization. With slowly reacting propellants, attachment of the baffle to the injector face 
may not be required for stability; reference 27 discusses a small rocket (with nitric acid 
oxidizer) that was stabilized by baffles several inches downstream rather than by baffles 
adjacent to the injector. However, very narrow cracks (0.010 in. [0.25 mm]) between baffle 
and injector face, which may not influence stability but do allow oscillatory hot-gas flows 
through them, have resulted in hardware erosion. These narrow cracks, even under stable 
combustion conditions, often result in erosion by steady gas flow; this steady flow is 
generated by pressure gradients caused by propellant maldistribution in adjacent baffle 
compartments. If injection density is maintained constant between compartments, this gas 
flow can be reduced. 
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2.1. 2.3.2 Cross Section 


Four examples of baffle design are presented in the cross-sectional views given in figure 1 1. 
The benefits or drawbacks to each design are discussed briefly below. 



(a) BASIC BAFFLE DESIGN 


(b) PLANE, RADIAL BAFFLE USED ON F-1 INJECTOR 



(c) DESIGN INTENDED TO PREVENT PLUGGING OF INJECTOR 
ORIFICES WHEN IMPOSED ON EXISTING INJECTOR 


(d) CONTOURED BAFFLE INTENDED TO HELP CONTROL 
GAS FLOW 


Figure 11. — Four types of baffle cross sections. 


By far the majority of baffle designs has been based on a simple rectangular baffle cross 
section shown in figure 1 1(a). The thickness of such a baffle depends on the baffle cooling 
method and baffle strength required (secs. 2.1.4 and 2.1.3). In general, the thicker the 
baffle, the more likely the baffle will interact adversely with injector design, performance, 
chamber cooling, and so forth. In many cases, trapezoidal baffle cross sections have been 
employed in attempts to minimize such interactions (e.g., F-1 engine injector baffle shown 
in fig. 1 1(b)). Other variations include a rectangular section followed by a rounded or 
trapezoidal baffle tip (tapered tip). The method of baffle cooling influences the selection 
here. 
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There is some analytical evitienee (Tef. 11) that weclce-shaped baflles are better, from a 
stability standpoint, than rectanpular baffles. This improvement was postulated on the basis 
of the baffles occupyinn a larce percontace of the cross-sectional area of the chamber. Under 
these circumstanees, the sudden deceleration of the combustion gases at the baffle tips 
allows the liquid propellants that remain unvaporized to overtake the gas and produce 
additional regions of very low relative velocity. 

Generalh’, baffle designs having increasing thickness with increasing distance from the 
injector have been avoided. There have been exceptions, as follows; 

(1) Sharpened or knife-edge baffles superimposed upon an existing injector design 
when it is desired to avoid plugging injection holes ffig, 1 1(c)). This design usually 
has been found undesirable becatise it lacks an adequate injector-to-baffle seal: 
injector face erosion may result from transverse gas flow under the baffle, even 
during stable combustion. 

(2) Baffles intended to form “combustion cells” with geometrically controlled 
combustion-gas acceleratior./deceleration characteristics. An example, studied in 
the F-1 engine development program, is shown in figure 11(d). The spacing of 
these contoured baffles was close enough that products of partial combustion in 
the cells were accelerated to high .subsonic velocities in the convergent section. 
The idea was to enhance breakup of large propellant droplets or ligaments by 
imposing strong shear forces on them for a short while. In this particular case, 
however, combustion efficiency was reduced markedly because the oxidizer 
evaporated faster than did the fuel, so that oxidizer-rich gases expanded away 
from fuel-spray-rich core-streams in the divergent sections. When fuel and oxidizer 
vaporize at about the same rate, this technique has shown promise (ref 28). 


2.1.2.4 DESIGN CONFIRMATION AND RATING 

In new design situations where the confidence in the analysis or empiricism on which the 
design is based is very low, it is possible to develop an effective baffle design by extensive 
hot-firing stability-rating tests. Ideally, the test series would be stmetured to determine 
sequentially (1) minimum effective baffle length. (2) maximum transs'erse dimension for 
which this minimum is effective, and (.‘^) subsequent rate of increase of minimum effective 
length with increases in transverse dimension beyond the value found in (2). Such a program 
is described in references 20 and 30, 

A given development effort will probably fall more or less short of this ideal, there usually 
being neither enough time nor money for such complete characterization. The degree of 
departure from ideal depends on many factors such as the severity of the instability 
problem, cost and difficulty involved in testing with varied compartment sizes, baffle 


cooling method (if any), and test duration. A hot-firing design development can be made 
much more efficient by linking it with combustion analyses such as the method outlined in 
section 2. 1 .2. 1 and with cold-flow acoustic experiments as discussed in section 2.1.1. 

Regardless of the confidence in the analysis or in the design of the combustion chamber and 
its baffles, the resultant hardware is tested to demonstrate mission suitability. Rocket 
engines that are to be “man rated” (i.e., carry human passengers) must show dynamic 
stability. The purpose in requiring a dynamically stable rocket engine is to ensure that 
catastrophic loss of the engine or vehicle will not occur as a result of combustion instability. 
Dynamic stability considered in initial engine design minimizes the overall development cost 
of a reliable system. 

Stability testing therefore preferably begins early in the development program and is 
extensive enough to provide high confidence in the stability margin of the evolving engine 
design; deferring extensive stability testing until the end of the development program can 
lead to major cost and schedule impacts if unacceptable stability characteristics are 
discovered at this late stage. References 29 and 30 describe the approach followed in a 
well-prepared stability rating program. Reference 29 also suggests that, to find the “design 
margin”, tests be made at operating conditions under which the engine is never to be 
operated. This kind of test does little to rate an engine, because (as mentioned so often) 
only small design changes or operating condition changes may make large changes in the 
stability of an injector. There is a way, however, to determine a “stability margin”; but the 
method has not found much use because of its high cost. The margin may be expressed in 
either the length of the baffle or the number of baffles. Thus, if the design uses eight baffles 
3 in. (7.6 cm) long and it can be demonstrated that six baffles 2.5 in. (6.3 cm) long are just 
marginal in stabilizing the engine, the “design margin” might be said to be two baffles and 
0.5 in. (12.7 mm). The design margin can be stated more quantitatively in the case of 
acoustic absorber designs, where a damping coefficient can be calculated (sec. 2.2). 

For engines that are not to be man rated, such an extensive rating procedure may not be 
justified but, as noted above, well-planned and systematic rating can help in making the 
development program more cost effective. 

Artificial disturbance devices. - Currently, the two most effective devices for artificially 
triggering instability in a combustor are nondirectional explosive charges (bombs) mounted 
inside the combustion chamber and detonated during the test run, and pulse guns that direct 
a shock wave into the combustion chamber. Other techniques such as a short gas pulse into 
the engine, variation of operating conditions (not desirable), and feed-system pulsing have 
also been used as artificial disturbances. The various methods are discussed in great detail in 
reference 1, chapter 10. This reference also gives detailed information on the 
instrumentation to be used in concert with the triggering devices, where the device should 
be placed in the chamber, and the relative advantages of one to another. 
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A st;ibilit\’ nitinp technique tKocI prior to tlio introduction of the bomb or pulse gun w;i<: 
called the T-bar (i). I npines were simply tested at their nominal rated operating conditions 
until they spontaneously became unstable. After many tests, the average time between 
occurrences of instability. T. was determined Fresumably, the longer the time between 
periods of instability, the more stable the injector. Cost considerations for this type of 
testing make it an undesirable method of rating. 


2.1.3 Structural and Mechanical Design 


Problems attributed to the structural or mechanical design of baffles occur frequently, but 
these problems usually are caused in turn by poor cooling or functional design. Nonetheless, 
a sound structural design with appropriate materials is always required. In addition, poor 
quality control or inadequate inspection have caused difficulties in ensuring structural 
integrity. These problems are discussed in subsequent paragraphs 


2.1.3.1 MATERIAL SELECTION 

The selection of the baffle material has depended to a great extent on the required baffle 
lifetime, the operating conditions, the rate of heat transfer to the baffles, and the individual 
test duration Generally, the design procedure and philosophy depend very strongly on the 
required baffle lifetime, both total firing duration and number of starts of the engine. For 
very short firings, baffles are not exposed to hot combustion gases for a very long time, so 
the material may be selected primarily on the basis of the structural rather than thermal 
considerations If repeated firings or long durations are important, thermal suitability and 
chemical compatibility become the dominant considerations in the choice of material. 

Strength. As mentioned, baffles sehhnn fail for structural reasons if the thermal problems 
have been properly considered The largest loads that the baffle must withstand are the 
transient loads due to hard starts or bomb blasts within baffle compartments. Thus baffle 
materials are seldom selected on the basis of room-temperature strength alone. It is obvious 
that if other considerations (e.g., thermal loads, chemical compatibility, and thermal 
expansion) can be ignored, the material with the highest strength at the anticipated 
operating conditi<ms will allow thinner baffles to be used, and thus interaction with 
injection sprays can be minimi/ed (sec. 2. 1 .5. 1 ). 

Thermal properties. -- M<'st baffles have been made of high-thermal-conductivity materia! 
such as copper or aluminum These materials act to diffuse any local hot spots that may 
occur on the baffle surface and thus prevent local melting or overheating. Further, the high 
conductivity allows heat to be transferred rapidly from the baffle surfase to the baffle 
coolant without a large temperature drop between inner and outer baffle surface. These 
effects are discussed further in section 2.1.4. 
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A material possessing a low value for thermal diffusivity k (- k/pCp) and a high melting 
point often is useful for heat-sink baffles. The low value for k delays the achievement of 
steady-state temperature in the baffle, and the baffle thus may maintain structural integrity, 
particularly if engine firing duration is short. 

Theoretically, materials with high melting points would be desirable for all baffles, because 
they could be operated at high temperature. Thus, since the difference between gas 
temperature and allowable baffle surface temperature would be low, the heat flux to the 
baffles would be low, and cooling problems would be minimized. In practice, however, 
materials with very high melting points (e.g., the refractory metals molybdenum, tungsten, 
and columbium) have other properties that have thus far militated against their use. All of 
these materials are easily oxidized and often are very brittle. Unfortunately, satisfactory 
oxidation-resistant coatings for these materials have not yet been developed. Furthermore, 
refractory metals are quite expensive and difficult to fabricate. Ablative materials*, 
however, have been used for baffles and are discussed in section 2. 1 .3.5. 

An interesting use was made of aluminum baffles in a LOX/RP-1 engine (ref. 31). The 
objective was to consume the baffles soon after ignition so that they would not interfere 
with engine operation during mainstage, but would be present during ignition to prevent a 
combustion instability triggered by a hard start. 

Chemical compatibility. — Chemical attack by one or both propellants on the baffle 
material is a very real possibility. Generally the baffles will be relatively hot on the surface, 
and raw, unburned propellant splashing against them can cause severe and rapid corrosion. 
This corrosion has not been a severe problem in the past, since it is usually recognized early 
in the design phase that chemical compatibility is required. The use of aluminum and carbon 
steel with oxygen; copper with nitrogen tetroxide and nitric-acid-based oxidizers; and 
silica-based ablative materials with fluorine have been avoided (ref. 32). 

If there are overwhelming reasons to utilize a particular baffle material, chemical 
compatibility can be attained by thin plating; e.g., gold plating of copper has stopped 
corrosion by IRFNA. Further, when the baffles are sufficiently cooled to reduce the rate of 
corrosion, an “incompatible” baffle material can be used for short times. Corrosion 
protection is highly coupled with injector mixture-ratio gradients and heat transfer to the 
baffles. 

Quality control. — Assurance that baffle material meets specifications has been shown to be 
important. During F-1 engine development, for example, cracks were found in the outer ring 
baffle on three injectors. Dye-penetrant inspection showed a large number of cracks in the 


*Materials that absorb or dissipate heat while being decomposed to gases and porous char. Ablative materials isolate 
underlying structural material from degrading effects of high-temperature environments. 
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ring baffle whore radial bafOos wore attaohed. liio^o bafllos wore removed and analyzed 
nictalhirgicalh*. I'he analysis revealed that (he baffle had lK*en fa.brieated from a forging of 
oxygen-bearing copper. It was fenmd that the oxygen-bearing copper had entered the baffle 
manufacturing process because iltere was insufficient sampling of the forging during 
receiving inspection to ensure OFIK' (Oxygen Free High C onductivity) quality. It should be 
noted, however, that even OI'IK' copper, if allowed to heat above its recrystalli/ation 
temperature, can also exhibit cracking and low strength. 


2 . 1 . 3.2 STRESSES 

Mechanical stresses have caused few problems in baffle design. Steady transverse loads are 
quite low and approacli zero if the mass and mixture-ratio distributions are uniform among 
baffle compartments. r)> namic transverse stresses can, iiowever, become appreciable. Axial 
loads on the baffles are also generally quite small and are imposed mainly by the coolant 
flow through the baftles. It has been found tliat axial drag forces are virtually negligible. 

2 . 1 . 3 . 2.1 Thermal Stressf^s 

Thermal stress, thermal fatigue, and long-term creep have been responsible for most baffle 
structural failures. These phemMnena usually are produced by local overheating of the 
baffle. As mentioned, high-conductivity materials such as aluminum and copper have been 
used to minimize highly localized Ind spots on the baffles, but if the area of overheating is 
more than a small fraction of an inch, tliis heat-spreading technique is of limited benefit. 
Further, the local hot spots may go unnoticed for long firings and ma\‘ not be a problem if 
the baffle and engine lifetime is less than a few hundred seconds. In the case of the F-I 
engine, all qualification injectors that accumulated firing time c(pia! to or in excess of tlie 
required 2250 seconds exhibited distortion, \hsual inspection revealed yielded or bulged 
radial baffles and pronounced deformation of the rings, lands, and orifices at radial baffle 
attach points. Figures 12 and 13 depict distortion of 1- 1 (lualificatinn injectors that had 
accumulated 32KR seconds during 57 engine tests (fjg. 12i and 30IS seconds during 34 
engine tests (fig. 13). Dirnensitmal inspection of I'-l injectors that liad accumulated over 
2250 seconds of use disclosed other “normar' distortion. 

After repented testing of the injector, the inner radial baffles exhibit a swelling effect on the 
smooth baffle surface Just downstreatn of the second oxidizer ring inside the outer ring 
baffle. The high heat flux in this area causes high baftlc temperature, and because of the 
restraint at each end of the baffle, the thermal growth is manifested a- compres<^ive yielding. 
The yielding is inelastic and concentrated in the area of maximum metal temperatures. This 
yielding results in progressive permanent deformation called "bii!ge'\ Tiie bulging starts in 
the area of tlic trailing-edge coolant passage and eventually extends from the trailing edge to 
the baffle base. The excessive bulging furtlrer aggravates the high baftle temperatures and 
has resulted in erosion of tlie baflles Tiiese erosi(»ns cause a thinning of the wall of the 


30 



Figure 12. — Distortion of baffle injector on F-1 engine — inner radial baffle after 3288 seconds, 57 tests. 









trailing-edge coolant passage and ultimately a combination erosion/pressure failure, which 
occurred on five injectors. 

The bulging of the inner radial baffles also causes a reduction in the effective hole size at the 
entrance of the dump coolant orifices. To determine the rate of change, an inspection of the 
orifice sizes was made after each 150-second test. The maximum-diameter pin that could be 
inserted through the coolant hole was considered to represent the orifice size. The 
inspections revealed large reductions in orifice size near the outer ring. The orifices were 
reduced in diameter from an original value of 0.067 in. (1.7 mm) to 0.050 in. (1.3 mm) at 
2250 seconds. This change is equivalent to a 40-percent decrease in coolant flow, which 
causes an increase in the surface temperature. This higher temperature, however, is an effect 
and not the cause of baffle bulging. 

Periodic redrilling of the coolant holes was evaluated to determine the effects of more 
nearly constant flowrate on baffle overheating. Redrilling is difficult to perform with the 
injector in the engine. The small-diameter drill (0.067 in. (1.7 mm)) is very susceptible to 
breakage in the coolant holes. The removal of the broken drill is difficult, and notching the 
baffles to expose the broken portion usually is necessary. The frequency of drill breaking in 
the orifices makes this method of maintaining original orifice size undesirable. 

2.1 .3.2.2 Dynamic Stresses 

Transverse loads to which baffles are exposed usually are dynamic or short-term loads. 
These loads have caused severe permanent distortion in many baffle systems. Even in the 
case of the F-1 engine, which utilized very strong baffles, the blades became permanently 
bowed after a few tests for dynamic stability (i.e., a bomb exploded in a baffle 
compartment). In the Gemini (Titan) engine development program, it was found that baffles 
that were unsupported at the tip (cantilevered from the injector face) suffered severe 
distortion from bomb blasts inside the chamber. In extreme cases of a sustained combustion 
instability, the baffles were not only distorted but were ejected from the chamber (ref. 29). 

Engines that operate at relatively low chamber pressure (e.g., the LMAE and Apollo Service 
Module engine) have not experienced this distortion problem to such an extent. Although 
the steady-state pressure is not important directly in the loading of the baffles, it has been 
found that when a bomb is detonated in an engine the resulting overpressure is a strong 
function of chamber pressure. Thus the transverse load experienced by the baffles increases 
directly with chamber pressure. 

In addition to bomb blasts, hard starts can also cause baffle deflection. Generally, 
hypergolic propellants ignite smoothly and do not cause an ignition spike or hard start. 
However, even with hypergolic propellants (and nonhypergolic propellants in very small 
chambers operating at vacuum conditions) severe ignition spikes occur under certain 
temperature and valve-timing conditions (ref. 33). In the case of propellants such as liquid 
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oxygen and either hydrocen or RP-I. the ignition transient can be quite severe under some 
conditions of valve opening and ignition. Particularly high overpressures occur when the 
igniter has not been placed in all baflle compartments. If a compartment must await ignition 
from another compartment where an igniter is located, the buildup of unreacted propellants 
can be large. This condition often results in a large ignition spike. 

Typically, pressure waves generated by bombs and pulse guns have very short pulse widths. 
The (positive) overpressures produced by sikdi devices have lifetimes on the order of 300 
microseconds with half-amplitude times on the order of 100 psec. The decay of overpressure 
behind the wave front of engine instabilities is even more rapid; as shown in figure 14, the 
half-amplitude time is on the order of 25 to 50 pseefref. 34). 



Figiirp — Ov(’'prr5?tir(' doray behind wave ffont. 

2.1. 3.3 ATTACHMENT 

Baffies have been attached both to the injector face and to the combustion chamber wall. 
Those attached to the injector face have been bolted, brazed or welded, keyed into slots, or 
made integral with the injector Baffies have been attached to the chamber wall by being 
cither bolted or keyed and recessed into the wall material. The method of attachment has 
been slrongK influenced by the cooling method. For instance, if the chamber is 
regeneratively cooled, baffies are seldom attached to the chamber wall, because of the 
complevits' caused bv interference with the chamber coolant If the baffles are to be dump 
cooled, the coolant can most easily be obt.iined from the injector; thus these baffles usually 
are made integral with or brazed to the injector face. 

Attachment problems have been minimal for injectors that had short lifetimes or few firings. 
When long life or maru’ firings were required, .severe problems with attachments have 
resulted from thermal fatigue, thermal creep, and thermal stress. 
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A particularly severe attachment problem was encountered on the LMAE. The aluminum 
injector had a three-bladed aluminum baffle, electron-beam welded to the injector face. It 
was found that after several firings the baffle would progressively rip loose, the tear starting 
at the edge of the injector. Although the original diagnosis attributed the failure to poor 
welding, later analysis showed that the differential heating of the baffle tip and base (the 
base is better cooled than the tip) caused tip compressive yield and subsequent failure (see 
also ref. 35). 

Similar problems were experienced on the F-1 engine. Until a high-strength braze joint was 
developed, baffles would often come loose from the injector face. After the braze joint 
became sufficiently strong to hold the ring and injector, the deformation described in 
section 2. 1.3. 2.1 occurred. 


2.1.4 Thermal Control 


A baffle is cooled to prevent its being heated to temperatures that endanger its structural 
integrity. Effective cooling of a baffle normally is achieved by a sequence of steps as 
follows: 

(1) Analytical determination of the thermal and chemical environment of the baffle 

(2) Evaluation and selection of the most suitable cooling technique for the conditions 
established in (1) 

(3) Experimental evaluation of the effectiveness of the cooling method. 

2.1 .4.1 ANALYTICAL BASIS 

The most important parameter of the baffle’s environment is the adiabatic wall temperature, 
i.e., the temperature that an uncooled baffle would approach if allowed to remain in the 
environment for a very long time. The adiabatic wall temperature has been found to vary 
greatly with distance from the injector face as well as with radial and tangential position 
(ref. 14). An analysis that assumes that the adiabatic wall temperature of a baffle is equal to 
the equilibrium gas temperature corresponding to an overall mixture ratio is likely to be 
grossly in error. The error in adiabatic wall temperature arises because the partially burned 
combustion gases near the injector face are cooled by the rapidly vaporizing propellant and 
because the baffle is cooled by liquid propellant splashing on the baffle surface. On the basis 
of the data in references 14, 29, 30, and 36, the local value of adiabatic wall temperature is 
unlikely to rise above 3000° F (1922 K) in the first 2 in. (5 cm) downstream of an injector. 
Methods outlined in references 1 and 14 give a good representation of the environment 
outside the baffle surface. 
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TluTiiinl analysc<; of haffli's to dotormino intornal tonipcraturo'; usually have been based on 
one- or two-dimensional conduction models (ref. 37) and gas-side boundary conditions 
calculated from the simplified correlation of Bart/ for heat-transfer coefficient (ref. 38). 
Digital computer calculations (ref. 37) alhnv predicti(m of the net of isothermal and 
adiabatic lines througlunit a baftle that may or may not have regenerative-cooling passages. 

Use of the simplified gas-side boundary conditions results in consenative calculations that 
do not adequately predict the benefits of refractory coatings or mixture-ratio biasing' by 
appropriate clement placement. The shortcomings of heat-transfer analysis based on the 
bulk gas flow field have been pointed out in reference 14. Thus, the detailed influences of 
injector design, propellant mass and mixture-ratio distributions, transverse gas flow, and 
combustion parameters must be considered. 


2.1. 4.2 COOLING METHODS 

2.1 .4.2.1 Regenerative and Dump Cooling 

Baffles usually are cooled with the rocket fuel, although oxidi/er and bipropellant cooling 
occasionally have been used. A typical design, showing coolant passages used on the F-I 
qualification injector, is presented in figure 15. 

Coolant flowrate through regenerative or dump-cooled baffles is established to satisfy two 
requirements: 

(1) The total heat absorbed by the coolant must be equal to the integrated gas-side 
heat flux, and if the coolant is liquid this heat must be absorbed without 
producing net vaporization of any of the coolant. In addition, if the coolant 
temperature is alhnved to exceed its decomposition temperature, deposits (e.g., 
carbon deposits from kerosene) may clog the coolant passages. Both vaporization 
and decomposition of coolant occurred during development of the F-1 engine. 

(2) At the same time, the liquid velocity in the coolant passages must be kept 
sufficiently high to prevent the peak heat flux to the coolant, at any local point 
where the gas-side heat transfer is highest, from exceeding the nucleate-boiling 
heat flux. Calculations of allowable nucleate-boiling heat fluxes follow procedures 
outlined in references 3') and 40 

Fully regenerative cooling with baffle coolant flow re-entering the main propellant flow and 
being injected by the main injector is not often used; one successful example is the Titan 
Transtage engine (ref 35). This cooling method was tried during the development of the F-1 
engine as an aid to performance and stability : however, limited testing showed no effect on 
either. Because of its complexity, the system was dropped in favor of fuel dump cooling. 

ir.ivtu'c ritM? fhr w.iH o: h tfOr siuf.tce 
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Figure 15. — Coolant passages in baffle on F-1 engine injector. 
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Most conlinp method'; involve axin! (or more complicated) flow of propellants through the 
baffle assembly, the coolant flow being injected from the downstream tip of the baffles into 
the combustion space. A baffle assembly of this type is illustrated in figure 16. Several 
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Figure 16. - Bolt on through flow copper Itafflo assembly. 


techniques have been used to promote efficient combustion of baffle coolant thus injected: 
small'diameter closely spaced injection orifices to effect uniform distribution; impinging 
stream orientations to hasten atomi/ation and aid in distribution; moderately high injection 
velocities to produce fine sprays; and spatial distribution of mixture ratios (produced by the 
main propellant injector) biased near the baffles to offset the tendency toward persistence 
of fuel-rich streaks downstream of the cooled baffies. 

Although dumping at the baffle tip of the propellant used for baffle cooling initially was 
thought to influence combustion stability, detailed investigation showed that this 
assumption was untrue. In fact, baffie configurations with no propellant tip injection, 
single-propellant tip injection, and bipropellant tip injection - all exhibited the same 
stability characteristics. An interesting example of the result of excessive heating of the 
dump coolant is shown in figure 17. The enlargement of the passage was attributed to 
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SECTION THROUGH BAFFLE ORIFICE 

Figure 17. — Coolant-passage enlargement caused by erosive 
cavitation of heated coolant. 


erosive cavitation. An increase of pitting along the port is characteristic of cavitation, and is 
probably caused by coolant exit temperature near the boiling temperature. The condition 
depicted in figure 17 occurs after extensive testing on all baffles exposed to high 
temperature. 

Occasionally, difficulties in fabrication and assembly of the hardware involved in dump 
cooling may introduce problems. For example, the Bell LMAE incorporated bipropellant 
(N 2 04/50:50) dump-cooled baffles. These aluminum baffles had relatively complicated 
cooling manifolds machined into them. Because of the complex passages, it was necessary to 
machine from the side of the baffle and subsequently cover these passages with a cover 
plate. The cover plate was in turn electron-beam welded in place. At one time in the 
development, an oxidizer leak through a faulty weld apparently triggered an instability. In 
subsequent tests with leaks intentionally drilled into the oxidizer passages, the engine did 
indeed run unstably. 

2.1 .4.2.2 Mass Transfer Cooling 

Nearly all baffles have some sort of film, transpiration, or mixture-ratio-bias cooling. In 
many cases, this form of cooling is not employed by design but simply happens because 
liquid propellants are splashed on the baffle by the injector orifices. In other cases, as 
mentioned above, a quickly vaporizing propellant such as hydrogen in a LOX/LH 2 engine 
quickly surrounds the baffle and forms a cool gas layer before significant oxygen can 
vaporize and react with the LH 2 to raise the surrounding gas temperature. 

In many development programs, chronic hot spots in baffle surfaces have been cooled 
simply by enlarging a nearby injector fuel port so that it furnished additional film or 
mixture-ratio-bias cooling. 
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I nnnpiration co>iiit;;' jv vr.nl. ir tv I'iiin coolini’ in lli.it onr n! ilir prv|vl!.m!N i*; hK-i! 
confimioiK!> thrv5i;'!i p>>i;-. nr inlrrMiccs in tlir b.tM'k- Mirkra-. I’nl ■nti..!|y, tin’s cooline 
nit’tliotl is pit'ris;', sil'.i :• iti .‘ ) it 'V. r.it i‘s Ih' well rontmll.nl Ir.,- j'r.id. il p.'r.isily o! tlis.’ Inimc 
Slirfaro. ll<i\vrvi.T. altli ih,-y li.nv tn'1 orairtvi! iit h.ift’k- i!ist.ihiliik*s c>t' liio tlow 

lliroupli pnrni.'s inrili.:, a'- a irsnll ol t‘';rrssjvc lirat lo.id. li.tvr lvr;i rcjinritai. It is possible 
tliat. as lire lira! load at a spot nri tlu' battle snrtaee ineiea.ses. the par, ms nu’diiitn is heated 
to a rcl:iti\'el\ liieli Irriuieralme, the restilt beinp a Inv.ei eonkint tlensit\ anil a preater 
prosstire drop for a piven ni.iss fiow. 'Ihis m'ml'inativn then c.ius..'s a rediu tion of coolant 
capacity tlut allows tlie sutkui' to pet even hotter, and eventuail\ tailiire ivsndls. 

I ranspiraIi(ni-eo<ded Ivatilrs to il.de h.ive ind I'cen used on oivr.diona) etieir-.es. 'I his kind trf 
baffle was used in tin earls dw. elopment wo'k on tlie l-d eneine .Sius'e the i-2 injector face 
was cooled by a hydroee*-, tlov. throupli a Rieimesh tav'c. it was considered practiv-.d to cool 
the baftls s siniii.uls. As it des-.-hiped. b.ittk's v/cre not tK-s'incsl luv'essars" tut tlk* }-2 eneins* 
and were not used in tlie production eneines. 

In tlic case of eillier fibn or IraMspiration cotdinp. some consideration has been piven to the 
possibility' that the co.d.uit pa.ss ipes eoldd a^-t as apertures for acoustic rcsioriators tliat could 
be incorporated into tlie he.tt'les. .So far as is known, this techniiine has not been verified 
cxperinientrdly. 

2.1 .4.2.3 I nsulating Coatings 

Insulatinp coatinps Imve been applied to un cooled lor t’dni cooled i heat sink baffles, Typieal 
coafinps are tlmne-sp-.p.ed cer.-n-.i.'s such as /irconium o\ide and almnin.i. ( o.itines reduce 
the rate (d incre.ise iC h.ittir vir!a.-i’ temper. dme, so that for "uncooded" h.i'tles leoolcii 
onh' by conducli.e- i,. il,.- niie.to.ii fuinp dur.dion may iv incre.r.ed, lii addition, with a 
coatinp. hiph-strenetl, n ater i.ds v,ch as st. sinless steel may be used in sitiirdions where their 
low therm.’d coniii: . iiviiy and <.'o--.seuuent susceirtil'ilit)' |o Isiirnin)' at loc;d hot spots michl 
rule them out. 

An important conoder.it ior. in t.sc of invilalinp coatinps is their str-icttiml inteeriiv. In the 
past, coatinp adherence h.ts been unreti.ible. jiarticidiily when reivliliye Iherma.l cyclinp 
over a number of firinps was involved. 1 wo relatively new coatinps show promise in this 
rcparil. the pr.-alaied met.d cerarni.- coatinp (rch 4 I I. v.hich h.is eiy .'n eood rcs'.dis, even 
tho'.iph its ultimate temperature limit is loyver th.in that of the pure cci.imie co.iiitiL’: and a 
slurry /ireonium co;itinp (ret. sl.1i. which h.ts sh.oyvn pood ;idheience in limited testin”, 

I'or some lime. a!uminum-nxide-co.-ited steel baflles yvere iis-d on the \kl booster cnpinc. 
Kietnlly . hov.ey er. these b.itiies yvere rs'jrlaceil yvitli .’dil.itive battles that incorpc'rale a steel 
matrix for ripidily ami sirenplh. 
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2.1. 4.2.4 Composite Baffles 


Two types of composite baffle structures built up from unlike metals have been used. In 
one type, a “backbone” of a strong metal is covered completely with a thin sheath of metal 
that has more desirable baffle surface properties (e.g., high thermal conductivity and 
resistance to chemical attack, as in gold-plated copper). The other composite, used for 
internally cooled baffles (ref. 29), has a high-conductivity core (rather than surface) material 
to distribute the average heat flux to the baffle coolant passages and thus maintain the 
entire baffle structure at a lower temperature. A more common composite, metal/ablative, is 
discussed below. 

2.1 .4.2.5 Ablative Baffles 

For applications that have relatively short lifetime and few restarts, an alternative to an 
uncooled baffle (i.e., conduction cooled) is a baffle made of ablative materials. Ablative 
materials for baffles have been limited to fiber-glass-reinforced phenolics, but other ablatives 
such as carbon-cloth/phenolics or nonreinforced materials such as nylon or Teflon could be 
used equally well, especially if the thrust chamber wall is made of these materials. 

Occasionally, baffles have been fabricated entirely of the ablative material, but low 
structural strength and lack of ductility have resulted in poor performance. Several attempts 
to use ablative baffles in the F-1 engine always resulted in baffle failure and ejection through 
the nozzle. A more successful approach has been the use of a surface layer of ablative 
material over a metal structure. 

This approach was used in the XRL engine. There, an ablative-coated stainless steel baffle 
assembly was attached to the ablative chamber walls. The metal baffle-support structures 
were recessed into the chamber walls and covered with ablative inserts that restored the 
cylindrical wall contour. The baffles themselves were strengthened by a metal structure. 
These baffles, even in lengths up to 7 in. (18 cm), have proven durable for short (< 10 sec) 
durations. 

During the development of these baffles, the ablative material frequently was subject to 
cracking, breaking, and delaminating. The difficulty was eliminated by increasing the 
rigidity of the metal structure to reduce deflection and elongation. Ablative material, 
although reasonably strong, does not have a high allowable elongation. 

Thermal design of ablative material follows that of ablative combustion chambers (ref. 43). 
The most important design parameter is the adiabatic wall temperature of the combustion 
environment. Since this temperature is generally low for the region near the injector face 
(sec. 2. 1.4.1), thinner ablative materials or longer life may be expected for baffles than for 
comparable combustion chamber walls. 
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2.1.4.3 EXPERIMENTAL EVALUATION 


H.ifni.' (Icsieii'i ultiiiKitoIy arc evaluated by experimental meaiK. The success of thermal 
control is iletcrminecl by obserxation of results durinc enpine nrinp. Often durinp the 
development propram it is necessary to gather quantitative data on heat fliixes, baffle 
temperatures, and the other variables involved in thermal control. When few if any problems 
are anticipated, because of the .similarity of desipn to cxistinp enpines. quantitative 
measurements are not taken, and gross obsers’ations are relied upon to show up potential 
trouble. These qualitative measurements usually include obsers’ation of discoloration 
pattern, surface pitting or meliinp. erosion tparticularly at the baflle tip), peeling of coatings 
or ablative materials, cracked bra/e joints, and similar phenomena. 

More quantitative experimental characterization may be obtained by measuring local surface 
temperatures and heat transfer rates at several points of a baffle assembly. Local surface 
temperature measurements have been made with thermocouples. The requirement for 
external access and .seals for lead wires (to measuring and recording systems) generally limits 
the number of measurements that can be made. Further, times for thermocouples to reach 
steady state may be greater than (he test duration. 

Three generations of thermocouple installations were used during the F-1 engine program in 
the pursuit of improved reliability through accurate measurements of ring and baffle 
temperatures, lypical installations are shown in figure IS. The most successful method of 
thermocouple installation has been furnace brazing the element in place at time of injector 
assembly. The variations of (his method include “through” or “blind” drilled holes to 
receive the thermocouple. If the holes are drilled through to the external surfaces of the 
baftles or rings, a seal of braze material must cover the tip of the thermocouple to prevent 
burnout and leakage. The advantage of furnace brazing the thermocouple in a blind drilled 
hole is that the surface of the parent material at the point of measurement is not disturbed. 

Limited numbers of temperature measurements have also been made by installing 
Templugs' , from which surface temperature reached during test is inferred by post-test 
measurement of (he material’s hardness. In use. the plugs are flush mounted into prepared 
tapped holes in the hardware at the point where the temperature measurement is desired. 
The accuracy of a Temping is on the order of ±50'' F (±3X K), 

A more or less complete characterization of maximum baflle temperature can be obtained 
by means of temperature-sensitive paints, although chemical reactions with propellants or 
adherent coatings of combustion products may prevent their use with some propellants. 
This approach is preferable to measurements with only a few thermocouples, until specific 
troublesome locations have been identified, because a few local surface temperatures may be 
highly dependent on spray splash and hot-gas recirculation patterns, particularly near the 
injector face. 
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LOW-TEMPERATURE 




(b) IMPROVED METHOD 



Figure 18. — Methods used to install thermocouples during development of baffles on F-1 engine injector. 
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Oua!il;ilive inforniation also may be derived from diseoloration of ceramic coatincs. During 
tlie F-1 engine development, flowf; of combustion gas and particles were clearly shown by 
carbon streaks remaining on baffle surfaces after a test. A novel method for measurement of 
adiabatic wall temperature for ablative materials is discussed in reference 14. 

Local heat-transfer rates have been measured by means of heat-flux transducers; overall 
average rates, by calorimetric measurements of baffle coolant flowrate and bulk temperature 
rise. Heat-flux transducers, based on measurement of temperature gradient along a 
one-dimensional conduction path, are subject to the same local influences of spray and 
recirculation patterns as thermocouples. Generally, however, gross thermal problems can be 
expected near the downstream ends of baffles, where such injector-imposed irregularities arc 
not nearly so prominent and where heat flux measurements are more generally valid and 
also of more interest: Baffle heat fluxes measured by calorimetry have greater value, 
therefore, when local measurements are made in zones along baffle length rather than when 
they are simply integrated measurements for the entire baffle. 

V'aluable guidance for the placement, calibration, recording, and interpretation of results 
from experimental thermal measurements can be provided by concurrent thermal analysis 
(sec, 2.1.4.11, 

2.1.5 Baffle/Engine Interactions 

Baffles have often been fitted to injectors as nccessar\- afterthoughts. This inadequate 
planning has caused severe problems in other aspects of the engine operation. 

2.1. 5.1 INJECTOR 

The prime purpose of a propellant injector is to attain high combustion efficiency and good 
engine performance by proper mass and mixture-ratio distribution and sufficient 
atomization of the propellants This objective is compromised severely when baffles arc 
added to an existing flat-face design. The accompanying necessity to plug injection orifices 
is one of the major causes of lowered performance. Since the injection ports are initially 
designed to give a uniform mixture ratio and mass distribution, the removal of orifices in an 
arbitrary manner (usually in the form of hub-and-spoke baffle configuration, sec. 2.1.2.3.21 
results in considerable maldistribution of propellant. 

In addition to the effect of maldistribution upon injector performance, the inclusion of 
baffies into an already designed injector often results in splash of propellants upon the 
baffles Although it may be desirable to film cool the baffles, uncontrolled propellant splash 
has resulted in large globs of propellant rolling off the baffle tips, the result being poor 
atomization and vaporization that, in turn, result in poor performance (ref. I). 
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The interference of baffles with normal spray development was partially circumvented in 
the case of the annular engine for the XRL by making the baffles curved and radial (fig. 7). 
In this way, the spray fans were made approximately parallel to the baffle surface, and 
direct impingement of spray on the baffles was avoided. 

Another facet of the effect of baffles on mixture-ratio uniformity arises from the hydraulic 
pressure losses associated with the baffle coolant. Two distinct effects have been observed. 
The first is caused by removal of injection orifices when baffles are installed. The propellant 
flow through the removed injector orifice is much larger than the coolant flow through the 
baffles. This relative reduction of propellant flow causes an increased flow in the injector 
orifices near the baffle, thus destroying an otherwise uniform mixture-ratio and mass 
distribution. 

The other effect is the opposite of that discussed above. When baffles are installed, coolant 
flow for the entire baffle may be drawn from the injector in only a few locations. This 
withdrawal consumes grossly more fluid at these points than would have been used 
otherwise. As a result, the adjacent orifices are starved, and mixture-ratio distributions are 
no longer uniform (ref. 1). 

Mechanical interaction effects have also caused some problems when baffles were added 
after the injector was designed. From a stability standpoint, the most serious problem that 
has arisen is that of propellant accumulation in cracks or crevices. 

During a development program, or even in field service, it is often necessary to replace 
baffles. In most cases, replacement is very difficult because the baffles have been made 
integral with the injector. In the case of the F-1 engine with the baffles brazed to the face, 
the only satisfactory way to replace the baffles is to physically machine the baffles from the 
injector face. New ones are rebrazed by using a braze with a lower melting point than the 
braze holding the injector rings. 

Baffles operate at a higher temperature than the injector face and thus expand more during 
hot firing. A variety of problems have been encountered because of expansion of the baffles 
(sec. 2. 1.3.2). 


2.1 .5.2 COMBUSTION CHAMBER 

Rigid attachment of baffles to the combustion chamber walls has been used for uncooled 
solid-wall or ablative-lined chambers, but this method is impractical for regeneratively 
cooled chambers. If the attachment method extends to the outside of the chamber (e.g., 
bolts or external coolant-supply tubes), positive seals are provided to prevent leakage (even 
in the event of baffle failure). 


45 


In ninny bafflo in^itallations, the combustion chamber walls downstream of baffles (which 
extend to tlie wall) have exhibited signs of abnormally high heat transfer and. sometimes, 
w.all erosion (ref. 36). This effect presumably is caused by the wall boundary layer being 
thinner and more turbulent downstream of a baffle tip than in the normal flow along the 
wall. Tiiis phenomenon appears to result from flow separation and vortex motion 
(eddy-shedding) at downstream edges of baffles, and its mal’nitude can be reduced by 
tapering or rounding the trailing edges. However, this process makes the baffle itself more 
susceptible to excessive heat transfer, so the designer must compromise between the two 
effects. Additional reduction in heat transfer rate may be achieved by providing excess film 
coolant at the bafne'wall intersection regions to reduce the local combustion gas 
temperatures. 


2.1.5.3 IGNITION 

For nonhypergolic propellants, injector compartmentalization with baffles often introduces 
substantial ignition delays and results in excessively hard engine starts (sec. 2. 1.3. 2. 2). This 
problem has been avoided (or solved) by providing multiple ignition sources, by machining 
small vent holes through baffles to speed the convective spread of ignition energy, and by 
reducing the propellant flowrates during the start transient so that less propellant has 
accumulated before ignition is completed. An ignition source for each compartment may be 
needed, but frequently one in ever>- second or third compartment has been found to be 
adequate. Vent holes are undesirable because they may change stabilization characteristics 
of the baffles. 


2.1 .5.4 STABLE OPERATION 

Introduction of baffles to effect recovery to stable operation following instability-initiating 
disturbances has sometimes been observed to increase the incidence of disturbances that 
occur naturally during normal stable engine combustion. Called ''spikes” if obsened during 
transition to mainstage or “pops” if obsened during mainstage operation, these pressure 
surges are most prevalent when the fuel contains hydrazine. Although it might be argued 
that these short-lived disturbances are not harmful and in fact simply demonstrate that 
dynamic stability has been achieved, they are usually causes of concern, and efforts are 
made to eliminate them. Most approaches have been attempts to reduce ( 1) spray splash of 
propellant on cold baffle, chamber, or injector surfaces; (2) accumulation of propellant in 
crevices, corners, pressure taps, and other cracks: and (3) uncontrolled leakage of propellant. 


2.1.5.5 STABILITY RATING DEVICE 

Transient overpressures behind the initial waves that result from explosive bombs and pulse 
guns may be considerably higher than those that occur during combustion instability. 


Amplitudes an order of magnitude higher occasionally are seen, but values on the order of 3 
to 5 times chamber pressure are typical. If the rating device is close to a baffle and if the 
initial blast wave can trigger much release of combustion energy from transient spray, it may 
be necessary to strengthen the baffle design. 

Fragments of a bomb’s outer case, a pulse gun’s burst diaphragm, or other explosion debris 
sometimes impact the injector, chamber walls, and baffles at high velocities and have caused 
severe shrapnel damage. The kind of damage likely to be incurred from different rating 
devices is discussed in reference 34. The kind of rating device, its size, location in the 
chamber, orientation, and the design parameters for the device itself — all affect the baffle 
damage potential, particularly with regard to seals, coolant passages, and injection orifices. 

Stability rating bombs .sometimes are most conveniently mounted on the downstream edge 
of a baffle. The baffle design may be required, therefore, to include provision for one or 
more bomb attachment provisions. Good bomb port design provides for access external to 
the chamber, so that bombs can be installed quickly and easily and the port can be easily 
freed of residual debris between tests. Electrical initiation requires lead-wire passages 
through the baffle, lead-wire seals, and external (to the engine) access for connection to an 
initiation source. In the preferred bomb design, the lead-wire passages do not communicate 
with the combustion chamber, either before or after bomb detonation, because they may 
offer acoustic-cavity damping and thus make the stability of rating tests untypical (ref. 34). 


2.1 .5.6 THRUST VECTOR CONTROL (TVC) 

The combustion gas flow in the wakes of baffles may carry appreciable transverse 
nonuniformities in composition and temperature all the way through the rocket exhaust 
nozzle. It has been shown (ref. 44) that injection of a thrust vector control jet into a baffle 
wake may produce substantially lower side thrust than does injection into neighboring 
nonwake gases. Therefore, the baffle design and TVC injection site design are coordinated to 
avoid the effects of baffle wake. 

2.2 ABSORBERS 


Although acoustic absorbers were shown to be useful in the early nineteen fifties (ref. 45), 
they were not subjected to substantial analytical and experimental investigation until 
recently. Several different types of acoustic absorbers have been effective in suppressing 
acoustic modes of combustion instability in a variety of liquid propellant rocket engines. In 
fact, acoustic absorbers currently are being used either alone or as a supplement to baffles to 
maintain stable combustion in several production engines (LM Ascent, RS-14, and XRL 
booster and sustainer). Absorbers probably will be used in several of the engines involved in 
the Space Shuttle. 
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Absorbers may affccl combustion stability both by removing oscillatory energy from the 
system (damping) and by interacting with the overall oscillator^' combustion process; the 
extent of this interaction has not been determined. Currently, absorbers are designed by 
considering only the damping phenomena (believed to be due primarily to viscous jet 
losses). The amount of damping needed to produce stability thus is not predicted, because 
such a prediction would require consideration of all gain and loss mechanisms. Some recent 
analytical methods do allow for all gain and loss processes; these methods are discussed in 
section 2. 2.4.1. 

2.2.1 Configuration 


Acoustic absorbers generally are comprised of an array of acoustic resonators distributed 
along the walls of the combustion chamber. Tliree common types of resonators arc the 
Helmholtz, quarterwave, and intermediate (fig. 1 9). 
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Figure 19. - Three common types of resonators. 


A Helmholtz resonator (fig. 19(a)) consi^t^i of a small passage connecting the combustion 
chamber to a resonator cavity; the cavity dimensions are large compared with the passage 
width but small compared with a wavelength. A quarterwave resonator (fig. 19(b)) is a 
closed slot or tube (usually straight) with a uniform cross-sectional area. The intermediate or 
generalized resonator (fig. 19(c)) is similar to a Helmholtz resonator except that the cavity 
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dimensions are not necessarily small compared with a wavelength. The Helmholtz and 
quarterwave resonators are simply special cases of the generalized resonator. 

The acoustic absorber may be comprised of either a large number of resonators distributed 
along the thrust chamber wall from the injector to the beginning of nozzle convergence 
(full-length acoustic liner) or, conversely, a limited number of resonators used over a 
limited portion of the chamber (usually along the injector periphery or near the injector 
face). A typical acoustic liner configuration illustrating basic construction principles as well 
as basic nomenclature appears in figure 20 (ref. 1). 


CIRCUMFERENTIAL 

PARTITION 



Figure 20. — Typical acoustic liner configuration (ref. 1). 


2.2.1 .1 LOCATION 

The most effective location of a single-row or partial-length absorber is adjacent to the 
injector face. In some cases, the exact location has been highly critical, whereas in other 
cases it has been less important. For example, a single-row absorber that stabilized the 
LMAE when it was adjacent to the injector was no longer effective when moved only in. 
(1.27 cm) downstream (ref. 21). Later tests with the same hardware showed that stability 
was regained readily with a slightly larger absorber (ref. 46). Garrison (ref. 1 , secs. 8.3.4 and 
8.3.5) found that the pressure amplitudes doubled when a partial-length liner adjacent to 
the injector was moved 3 in. (7.62 cm) downstream (the engine was classified as stable in 
both cases). 
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2.2.1.2 PARTITIONS 


Partitions usnalK arc placed in flu* hackinp cavity of an acoustic absorber to provide 
structural support and to prevent hot-pas circulation in the cavitw If an acoustic liner has 
any appreciable Icnpth ahanp the chamber axis, partitions are especially important for 
preventing hot pas from enterinp upstream apertures and exitinp downstream. Althoueh not 
required for stability, partiiicms for preventimi of tanpential pas motion often arc used to 
aid in minimi/inp overheatinp and wall erosion. Phillips (ref. 47) has found that the 
temperatures in the baekinp cavity can be sipnificantly reduced by includinp partitions for 
prevention of the circumferential pas motion. Similar partitions were also found useful for 
thermal control in slot-type absorbers. 

Unfortunately, there are few an.al\ tical pttidclines pres*enfl>' available for the de.sipn of 
partitions in acoustic absorlnus The effect of the partitions on the acoustic damping is 
considered in the calculational procedures (sec. 2.2.4), but on the whole the design and use 
of partitions are based almost entirely on structural and thermal considerations. 


2.2.2 Construction 


Acoustic absorbers arc subjected to structural requirements quite similar to those for 
injectors and combustion chambers, and structural dcsipn is based on the design practices 
for these basic structures. 


2.2.2.1 CHAMBER LINERS 

Chamber liner acoustic absorbers generally are located in the combustion chamber between 
the injector and some downstream position. One design uses a perforated chamber wall 
enclosed by anmdar or toroidal rings; examples of this design arc given in figures 21 and 22 
(refs 4S and 4‘)). Anotlier type of chamber liner acoustic absorber uses a perforated 
cylinder inserted in tlie thrust chamber primary sfrueture fref 4R), In both cases, liner 
design is dictated by the requirements of cylindrical shell theory (ref. 50). The problems of 
stress concentration at the apertures and of dilTerential thermal expansion between inner and 
outer surfaces must be considered. 


2.2.2.2 SLOTS OR ACOUSTIC CAVITIES 

An acoustie-slot type of absorber usually consists of a partitioned annular cavity oriented 
cither perpendicular or parallel to the injector face. .Most recent test and development work 
has been done with the cavity configurations shown in figure 2.^. The acoustic absorber 
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Figure 21. - Chamber liner acoustic absorber assembly for 
test and development (ref. 48). 



Figure 22. -- Acoustic liner design for F-1 engine (ref. 49). 
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Figure 23. — Aroiiitic esvity' configurations used for recent test and development ivork. 


loc.'lfc'd adjacenf Jo flic injctlor usually is fornted at llio injcflor'cliambcr intcrfaci'. part 
Ivinp machined int<t the injector and part beinp machined into the chamber. Three 
production enpines that employ acoustic absorbers adjacent to the injector are shown 
pictorially or schematically in fipures 24, 25, and 26, Acoustic absorber structural desipn 
near the injector involves only minor modifications to the injector'chamber interface; 
thermal desipn considerations are discussed in a subsequent section. 


2.2.3 Thermal Control 


Few special coolinp or materials requirements are unique to acoustic absorbers. Generally, 
combustion chamber desipn techniques (refs. 51 and 52 1 are effectively applied with 
minimal desipn complications. Often, no special coolinp provisions arc required for 
sinple-row absorbers mounted in or near the injector. In one case, a thin layer of ablative 
material on the combustion side of the absorber was sufficient to maintain absorber 
inteprity. 

The principal e.xperience with coolinp and thermal protection of chamber liners is described 
in reference 1. secs 8.5.4 and 8. .5. 5; peneral studies of coolinp techniques are discussed in 
references 48. 55, 54. 55, and 56. 

Stability-related problems have occurred with both film-cooled and transpiration-cooled 
liners, l or example, the coolant flow was found to decrease the stability of one acoustically 
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Figure 25. - Ou«irtervvnve absorber in RS 14 engine 



Figure 26. - Absorber configuration in the XRL booster engine. 
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lined engine (ref. 57). This effect is still not understood but may be associated with a 
convection of acoustic energy into the system by the coolant flow (ref. 58). In the case of 
the LMAE, stabilization with slot or acoustic-cavity absorbers was found to be unaffected 
by film-coolant flowrate (ref. 46). However, in the case of a development combustion 
chamber, stability decreased with increased film-coolant flowrate; the increased instability 
could be controlled by acoustic cavities (ref. 59). 

The use of ablative liners is restricted by several problems; loss of strength resulting from 
charring; changes in acoustic properties during burn (due to erosion of the apertures); and 
off-design acoustic behavior caused by changes in gas properties. Nevertheless, ablative liners 
have been tested successfully (refs. 57 and 60). 


2.2.3.1 THERMAL ANALYSIS 

Initial calculation of the gas-side heat flux to a regeneratively cooled liner usually is made 
with the simplified correlation of Bartz (ref. 38), despite the fact that this correlation is 
more nearly applicable to the nozzle portion of a rocket engine. The equation assumes that 
the gas is at the equilibrium temperature of the fully reacted gas at the appropriate bulk 
mixture ratio. Experimental results show that the predictions of the Bartz correlation may 
be low by as much as a factor of 2 or high by a factor of 3, the deviation depending on 
injector configuration and mixture ratio (refs. 14 and 61). However, in a large number of 
cases, the correlation has given satisfactory predictions of heat flux to chamber surfaces (at 
surface temperatures below 1000° F [811 K]). 

Bartz- correlation calculations often fail to predict the reduced cooling requirements that 
result from the use of refractory materials. Measurement of the local adiabatic wall 
temperature in the combustion chamber indicates that the effective gas temperature is 
limited by the local equilibrium gas temperature (which corresponds to the local mixture 
ratio and local proportion burned) (refs. 14, 43, and 61). Therefore, the gas-to-surface 
driving force for heat transfer in the upstream portion of the chamber can be reduced by a 
factor of 2 or 3 by use of refractory coatings. 

The reduced effective gas temperature near the injector also must be considered in the 
design of ablative liners, because both char rate and erosion rate of phenolic/Refrasil are 
controlled primarily by the adiabatic wall temperature (rather than by the heat-transfer 
coefficient) at chamber pressures above 150 psi (1.03 MN/m^) (ref. 14). A number of recent 
analyses (refs. 36, 62, 63, and 64) permit estimation of the local adiabatic wall temperature 
near the injector. The analyses are based upon both the injector element configuration and 
the spray combustion of the propellants. Description of the propellant-spray mass and 
mixture-ratio distributions can be determined either from injector cold flows or from 
cold-flow characterization of the individual injector elements. 
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Temperature mea'^uremciils in apertures and cavities indicate that the conditions therein are 
considerably different from those in tl>e main pas stream. Methods developed for treating 
flow and heat transfer in slots and lioles (ref. 65) have been used to interpret temperatures 
in slot-type absorbers in combustion chambers (ref. 46). rntrance temperatures in excess of 
2800” F (1811 K) have been measured (ref. 21), with the cavity bottom temperatures as 
much as 1400” F(10.^3 K) cooler. Ileat-flux measurements have shown (ref. 60) that heat 
loads are modest because there is little or no absorber hot-pas throuphput during steady 
combustion. However, some large openings may encounter cyclic erosive hot-pas flows. The 
shape of the acoustic absorber, particularly the slot type, is much like a weld relief and 
beh.ives like an expansion'contraction space except at the partitions. During a hot firing, the 
gap might close as much as 0.010 to 0.020 in. (0.25 to 0.51 mm) (not enough to affect the 
absorber impedance seriously). Although thermal loads to acoustic absorbers cannot be 
ignored, they are often of little importance. However, the peripherv' of an injector has been 
damaged as a result of thermal stresses on the [lartitions in a sh't-type absorber. 


2.2.3.2 COOLING METHODS 

Convective and nucleate boiling correlations (ref. 51) generally are used in the calculation of 
flowrates for regenerative cooling. If the thrust chamber wall consists of bundles of 
thin-walled tubes, the acoustic liner may be made by swedging individual lubes to produce 
slotted apertures that lead to a backup cavity. In this way, the regenerative cooling 
capabilities of the thrust chamber are used with minimal conduction complication of the 
design. If the acoustic liner consists of ports between milled coolant passages, then a 
three-dimensional conduction analysis is needed to determine the proper spacing between 
cooling slots. Thermal protection of regeneratively cooled surfaces (located near the 
injector) is often enhanced by coating such surfaces with refractory materials. 

If fdm cooling is used, then the correlation developed by Hatch and Papell (ref. 66) may be 
used to determine the amount of film coolant required to maintain the allowable wall 
temperature downstream of film-coolant injection ports. Liquid accumulation in absorber 
apertures and cavities due to fdm cooling is prevented by one of several techniques (e.p,, 
canting the resonator apertures downstream as discussed in ref. 60). In some cases, both film 
and transpiration cooling have worsened combustion instability (refs. 57 and 59). 

In general, either regenerative cooling or transpiration cooling alone requires complex 
fabrication procedures (ref. 60); in addition, regenerative cooling alone can require excessive 
pressure drop. Some film cooling used with regenerative cooling, transpiration cooling, or 
high melting point metals can result in an acceptable system design. State-of-the-art ablative 
materials used with film cooling (-3 percent of fuel) can also result in an acceptable system 
design (ref. 60). 

The rates of char formation and erosion of ablative liners have been predicted, in terms of 
local gas temperature and heat-transfer coefficient, by computerized analyses (refs. 37 and 


43). Some potential problems with ablative liners along with possible solutions are detailed 
in table III, which is based on material in reference 60. Maintaining the surface dimensions 


Table III. — Ablative Liner Materials: Problems and Solutions 


Potential Problem 

Possible Solution 

Delamination 

Small-angle wrap; rosette wrap 
Precharred material 

Strength loss due to local ablation 

Carbonaceous materials 
Precharred materials 

Chemical attack (oxidation environment) 

Oxidation-resistant coating (AI 2 O 3 ) or reenforcing fillers 

Thermal shock 

Materials with appropriate combinations of 
High conductivity 
High ductility 

Low coefficient of thermal expansion 
High ultimate strength 


of an ablative acoustic liner (particularly the dimensions of the apertures) in order to 
maintain the acoustic properties of the liner may be a crucial factor in absorber 
effectiveness. Consequently, injectors that are compatible with an unlined chamber have, in 
some cases, been found to be unacceptable in ablativedined chambers; in other cases, 
compatible configurations have been designed and tested (ref. 60). 

If the absorber apertures are confined to the region just downstream of the injector, the 
adiabatic wall temperature often is low enough to allow the use of refractory materials on 
uncooled surfaces (e.g., molybdenum or tungsten alloys protected by disilicide or sprayed 
ceramic coatings). A low wall temperature allowing use of coatings is more often the case if 
mixture-ratio bias is built into the injector. It should be noted, however, that the structural 
integrity of the coatings must be carefully considered. 
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2.2.4 Acoustic Damping Analysis 


Several nietlinds have been developed and u‘;ed to predict the stabilizinc capability of 
acoii<:lic absorbers. None of these methods is universally accepted as clearly superior, despite 
the implications of some of the literature. Therefore, the desinner must assess the relative 
merits of each before choosinp a particular method. The basic purpose of each method is the 
same but, because different assumptions are employed, the results and corresponding 
hardware produced by the various methods often differ substantially. 

One method involves calculation of an absorption coefficient for an acoustic liner or a 
"resonator” coefficient (similar to absorption coefficient) for limited numbers of 
resonators. Another method involves calculating, from a partial stability analysis of the 
combustion chamber, a temporal-damping-coefficient contribution. The third method 
involves a complete stability analysis but with restrictive simplifying assumptions. 

Each of these methods is analytical in nature. A fourth method is based on simple 
correlations of absorber configurations that have been found to be adequate or inadequate 
in producing stability. 

For each of the analytical methods noted above, the acoustic impedance of the absorber is 
required. Methods of calculating this impedance Z and its components R and X are 
described in Appendi.x A. 


2.2.4.1 ANALYTICAL METHODS 

Abso rptio n coefficie nt. - The most widely used measure of full-length liner effectiveness is 
the absorption coefficient. This coefficient, defined as the fraction of the oscillatorj’ encrg>' 
incident on a wall that is absorbed at the wall, is expressed as 

40 

_ coefficient (11) 

( 1 + 0)* + X' due to an array of acoustic absorber elements 


where 

© = R /epe = specific acoustic resistance of absorber 
X = X^epe = specific acoustic reactance of absorber 
R = acoustic resistance of resonator 
X = acoustic reactance of resonator 
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Z = R + iX =: acoustic impedance of resonator, i = V- 1 

e = fraction of surface with acoustic impedance Z (fractional open area of absorber 
related to liner area) 

p = time-averaged gas density in chamber 
c = sound speed in chamber 

Details on the use and calculation of the absorption coefficient calculation are given in 
reference 67 ; the methods therein are improvements over those presented in the widely used 
reference 54. 

Resonator coefficient. — The calculation and use of the resonator coefficient are described 
in reference 68. Equations for the resonator coefficient are derived for a single resonator in 
a manner similar to that used for obtaining the absorption coefficient. This coefficient was 
developed for the design of limited numbers of resonators. 

Damping coefficient. - The temporal-damping-coefficient approach is based on the 
observation that the time dependence for low- to moderate-amplitude oscillation in the 
combustion chamber is of the form 

P« [exp(-%t)](cos(coNt)) (12) 


where 


P = oscillatory pressure 
% = damping coefficient 

= angular frequency of oscillation 
t = time 


Subscript N denotes the mode as designated m, n, and q in equation (1). 

According to the arguments of references 21 and 69, a contribution to On due to the 
absorber may be adequately estimated by solving the wave equation for the combustion 
chamber (neglecting combustion, flow, and nozzle effects). Thus, the method corresponds 
to a partial stability analysis. Further description of this approach may be found in 
references 21, 46, 58, 59, 69, and 70. 
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Calciilation of the damping coefficient for a full-lenpth liner is simpler than that for 
partial-length or single-row types. If the acoustic impedance of the liner is assumed to be 
uniform, the wave equation can be solved in a straightforward fashion. Actually, the 
impedance is not entirely uniform, because (1) the local impedance depends on the local 
oscillation amplitude (a nonlinear effect) and (2) the liner is made up of a finite number of 
holes. Nonetheless, the assumption of a uniform impedance is a reasonable approximation 
and has been employed for full-length liners. 

For this case, solution of the wave equation by separation of variables leads to a 
characteristic equation in terms of both the Bessel functions for transs'crse modes and the 
specific acoustic impedance of the liner (f = Z./cpc). The various temporal damping 
coefficients may be determined by solving the characteristic equation for the complex 
eigenvalues; the real paYt of each eigenvalue specifies the resonant frequency and the 
imaginar>' part specifies the damping coefficient for that mode (ref. 69). 

Obtaining an expression for the nonuniform impedance case is more difficult because the 
wave equation cannot be solved by separation of vari.ables. However, reference 71 describes 
a variational technique that is appropriate for this case. This technique has been used to 
calculate the damping coefficient for a single row or a few rows of resonators (refs. 21, 46, 
and 59). 

Stability anajysis including effects of conibu^tion and How processes. - Several analyses 
developed to predict stability of an engine containing an absorber include the effects of 
steady flow, combustion, and the nozzle. 

Priem and Rice (ref 72) developed an analy.sis for full-length acoustic liners including steady 
flow, localized combustion (assumed to all occur at the injector face), and a simple nozzle 
loss. The liner acoustic impedance was not allowed to vary with frequency. 

Mitchell, et al. extended the basic approach used by Priem and Rice to allow for 
partial-length liners (ref. 73) and distributed combustion (ref. 74). 

Oberg. ct al. (ref. 75) developed an analy.sis somewhat similar to that of Mitchell (ref. 73), 
but for slot-type absorbers, 

Sirignano (ref 1, pp. 139-146 and 154-156) and Smith (ref. IR) developed approximate 
stability analyses that include several flow and combustion processes, including allowance 
for an acoustic absorber. Tonon (ref. 1, pp. 40R-4I0) uses the method developed by 
Sirignano and, also, results from an analy.sis by Cantrell (ref. 58) in his discussions on 
acoustic absorber design. The work of Sirignano, Smith, and Tonon leads to the conclusion 
that the real part of tlie acoustic admittance (inverse of the impedance) of the absorber 
should be maximized to create maximum damping. 
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Comparison of analytical methods. — Detailed comparisons of the stability trends predicted 
by the methods described above have not been made. However, some partial comparisons 
are discussed below. 

The methods described by Sirignano, Smith, and Ton on in the references cited above le'ad to 
expressions for the overall damping (or growth) coefficient comprising additive 
contributions. The influence of the absorber appears in one term that is proportional to the 
real part of the acoustic admittance of the absorber. Consequently, their approach is based 
on maximizing this part of the admittance. However, this entire additive term is the 
damping coefficient contribution by the absorber, the same contribution sought in the 
damping coefficient method. 

Thus, the principal -difference between these methods (Sirignano, Smith, and Ton on) and 
the damping-coefficient method is the way in which this contribution is estimated. With the 
methods of Sirignano, Smith, and Tonon, the effect of the absorber has been assumed to be 
sufficiently small that a set of approximations is valid. With the damping-coefficient method 
these approximations are not made, so that it is not necessary to verify their validity, even 
though the overall additive nature of the damping coefficient contributions probably is lost 
when the approximations are not valid. Nevertheless, the damping coefficient method 
appears superior because it relies less on the validity of the approximation. 

The methods of Sirignano, Smith, and Tonon attempt to allow for combustion and 
steady-flow effects but use a set of simplifying approximations to obtain a tractable result. 
The methods of Priem (ref. 72), Mitchell (refs. 73 and 74), and Oberg (ref. 75) attempt to 
retain these effects with fewer assumptions. Therefore, the latter methods appear superior, 
but they are more complicated and difficult to use. If conditions are such that the additive 
result obtained by Sirignano, Smith, and Tonon is valid, the results from all analyses should 
be equivalent in terms of absorber configurations. 

Much of the analysis that has been done with these various methods has regarded the 
absorber impedance to be independent of frequency. However, as shown in figure 27, 
significantly different results may be obtained if the actual frequency dependence is 
included. For the calculation of frequency-dependent reactance, the liner was assumed to be 
tuned for the unlined first-tangential frequency. Note that the results of these calculations 
indicate a mode splitting that results in two “first-tangential” modes, one of which may be 
regarded as the first-tangential-first-radial mode with its frequency shifted near to that of 
the normal first-tangential mode. These results show that the lower mode would be highly 
damped at a specific acoustic resistance greater than eight. Conversely, the upper (higher 
frequency) branch is more strongly damped than the lower at specific resistance values less 
than about six. Thus six would be the optimum value to use. Figure 27 also shows that the 
optimum is underestimated by a factor of at least two when a constant-reactance value of 
zero or -3.0 is used. 
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Figure 27. - Comparison of cfamping prccfictions for constant reactance and 
fiequency dependent reactance (full-length acoustic liner). 


Allhoiiph the absorption coefficient method is more accurate than might be expected 
(considering the assumptions required in its derivation (ref. 71)) and has been used to 
design a number of successful acoustic liners, it appears to have substantial weaknesses. 
Tonon (ref. 1. p. 410l concludes that its use may lead to designs that are substantially less 
than optimum. The absorption coefficient normally is used in the description of room 
acoustics for wavelengths that are small in comparison with the room dimensions (not the 
case in rocket engine combustion chambers). Phillips (ref 47) found the trends predicted by 
his damping-coefficient calculations when©/c > 1 to be the same as those predicted by the 
absorption coefficient for full-length liners. The absorption coefficient exhibits the same 
trends as the damping coefficient if the liner reactance is treated as a constant (independent 
of frequency). However, the liner reactance is known to be strongly dependent on 
frequency for frequencies near the resonant frequency. As shown in figure 28, when the 
frequency dependence of the liner reactance is included in the damping calculations, the 
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Figure 28. — Comparison of damping predicted by absorption and damping coefficients 
(full-length acoustic liner). 


absorption-coefficient approach causes the optimum resistance to be underestimated by a 
factor of about six. Thus, the absorption-coefficient approach is less desirable for predicting 
optimum damping than is the more rigorous damping-coefficient approach. 

The damping-coefficient method, the only other analytical method that has been used in 
hardware design, has been employed in the design of the absorbers ih the RSI 4, RS21, 
Lunar Module Ascent, and XRL booster and sustainer engines, all of which are production 
engines. In addition, the method has been used to design hardware for a number of 
technology programs and the three combustion chambers for the Space Shuttle Main 
Engine. This method has also been used in recent work to develop the Space Shuttle Orbit 
Maneuvering Engine (ref. 59). 

Figure 29 presents a comparison of measured and predicted stability trends for the LMAE, 
the predicted trends having been obtained with the damping-coefficient method. The 
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CAVITY DEPT)', IK. 


Figure 29. - Comparison of measured and predicted stability trends for the LMAE 
absorber configurations (ref. 46). 


experimental results, which show the effective cavity depth and fractional open area o 
(absorber area expressed as a fraction of injector face area) for stable, unstable, and marginal 
acoustic-cavity or slot-type absorber configurations, were obtained in LMAF. type of 
hardware with an unbaffled injector (ref. 46). This figure summarizes results from »?100 
motor firings with 25 conventional acoustic-cavity configurations and »=190 bomb 
disturbances. The analytical results suggest (hat when the absorber damping exceeds some 
level (the experimental data suggest a ~ 600 sec"'), the combustion should be stable. 
Clearly, the experimental results do no completely follow the predicted pattern; 
ne\’crthcless, the agreement is sufficient to justify continued use of the method. No similar 
comparison for other absorber types or analytical methods is available. 

Optimization of the damping for a particular application must be governed by the needs of 
that application Often, maximum damping is required; however, if multiple instability 
modes have been experienced or are expected, a compromise is often required. At times, 
absorbers designed to eliminate one mode have removed that mode but a new mode 
occurred (ref. 76); thus, maximum overall damping for a series of modes is often required. 
For an acoustic liner, it has been suggested (hat (he optimum open area is (he area that 
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results in the maximum absorption coefficient with the widest bandwidth (ref. 1, secs. 8.3.4 
and 8.3.5). 

It is also desirable to include temperature sensitivity in the optimization, because the 
temperatures in the absorber usually vary greatly. 

For a volume-limited system, maximum damping is not necessarily obtained when the 
resonant frequency of a liner is equal to the frequency of the instability (ref. 69). Thus, in 
this case, the liner open-area fraction is optimized on a damping basis rather than on a 
tuning or resonant frequency basis. 


2.2A2 EXPERIENCE GUIDELINES 

Successful absorbers can be designed on the basis of available experience without the use of 
analytical design methods. For example, figure 29 indicates that a slot-type absorber with an 
open area of about 1 5 percent or greater and roughly the proper depth will stabilize the 
LMAE. The use of such simple guidelines has led to working designs. 

McMillion and Nestlerode (ref. 77) have developed similar guidelines by summarizing and 
correlating much of the available experience with acoustic absorbers. The summaries are 
shown in tables IVA and IVB, and the correlations are shown in figures 30 and 31. These 
tables and figures have been revised from those presented in reference 77 in order to reflect 
the results of a recent review of the original data sources. Some of the information has been 
changed to incorporate necessary corrections, but the overall conclusions presented in 
reference 77 remain unchanged. The results indicate that stability can be obtained if a, the 
fractional open area of the absorber, exceeds the value 3/f^ , where f is the frequency of the 
mode being suppressed. 


2.2.4.3 DESIGN PRESSURE AMPLITUDE 

Some uncertainty and confusion exists concerning the amplitude of the oscillatory pressure 
for which an absorber should be designed. Because of impedance nonlinearities, predicted 
damping varies with amplitude. Most early liner calculations were made with an arbitrarily 
assumed “incident” amplitude of 1 90 decibels. The incident amplitude was assumed to be 
half the local amplitude; thus, the 190-decibel level corresponds to a local amplitude of 56 
psi (386 kN/m^ ) peak-to-peak. 

It is unreasonable to design an absorber for peak-to-peak amplitudes less than a few percent 
of chamber pressure. For amplitudes greater than 20 percent of chamber pressure, the 
validity of the acoustic equations becomes questionable. Thus, peak-to-peak oscillation of 20 
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Table IVB. — Summary of Absorber Effectiveness in Operational and Development Engines — Part II* 
[ModiHed from table 1 in ref. 77] 


ON 



Dominant Instability 

Absorber 

Fractional 
Open Area a. 

Injector 



Absorber Program^ * ^ 



Effectiveness^ 

percent 

Pattern 

Propellante 

Comments 

Frequency, Hz 

Modc< 2 > 




F-l 

500 

IT 

No (IT) 

5.7 

Like doublet 

LOj/RP-l 


XRL Booster<*> 

1300 

Feed system 

No (1300 Hz) 

0.7 

Unlike doublet* 

IRFNA/UDMH 

Combined feed system and 



coupled 





chamber mode 

J-2 (basic) 

1800 

IT 

No (IT) 

5.0 

Coaxial 

LO 2 /LH 2 


Rocketdyne-LMA 

3300 

IT 

No (IT) 

4.6 

Unlike doublet 

N 2 O 4 /SO- 5 O 

Unstable without absorber 

(unbaffled) 

1 

1 

Marginal (IT) 

9.3 

1 

i 



♦ 


Yes (IT) 

18.5 

T 

f 


XRL Sustainer^*^ 

3500 to 4500 

IT 

Marginal (IT) 

10.0 

Unlike doublet 
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IRFNA/UDMH 

Marginal to unstable at 3500 to 
4500 Hz without absorber. 
Occasional 3500 Hz with ab- 
sorber 


FLOX/LPG 
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IT 
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12.5 

Unlike 4 on 1 

FLOX/LPG 
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Rapid burning pattern 

XRL Booster<^> 

4600 

4T 
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4.5 

Unlike doublet 
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4600 

4T 
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6.0 

1 

1 
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7T 
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1.4 

♦ 
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IT,w<’) 

Marginal (IT, w) 
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IT, w 

Marginal (IT, w) 

10.7 
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1 

small injection orifices ( 0 . 020 ”) 



8300 

IT,h 

Marginal (IT, h) 


1 

f 



6500 

IT 

Yes (IT) 

8.0 

Like and unlike 

aFs/MHF-7 

Unstable with unlike pattern 






doublet (pintle) 


and no absorber 

Rocketdy ne-LMA< ’ ^ 
(baffled) 

7000 

1R.3T 

Yes(lR,3T) 

4.6 

Unlike doublet 

N 2 O 4 / 5 O- 5 O 

Unstable without absorber 

RS- 14/21 

9500 

IT 

1 Yes (IT) 

7.0 

Unlike doublet 

N 2 O 4 /MMH 

5% of pulse firings unstable 
without absorber 


♦Work conducted at Rocketdyne Div., Rockwell International Corp, 
(i),(2).(3)gg^ footnotes (1), (2), and (3) for Part 1 

Annular combustion chamber with four radially directed baffles 
^Throttleable pintle-type injector 


^^^Rectangular combustion chamber 
^"^^Transverse modes in height (h) or width (w) directions 
^*^Acronym for flexible energy management; see ref. 85 
^^^Injector had three equally spaced radial baffles. 
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Figure 30 - A!)Sorber effectiveness; as a function of frequency f and absorber fractional 
open area n (data from tables IVA and tVB) (adapted from ref. 77). 



rUCQUEKCV f, kJ<i 

Figure 31, - A!>osrt>er effectiveness related to the product of* (adapted from ref. 77). 



percent of chamber pressure has been used for some design calculations (refs. 2 1 and 69). 
However, best agreement between measured stability and predicted trends has been 
obtained for amplitudes se90 percent of chamber pressure (refs. 46 and 59). 


2.2.4.4 BANDWIDTH 

In the usual sense, bandwidth refers to frequency range over which an absorber is effective. 
A related characteristic is the temperature range over which an absorber is effective. 
Generally, it is considered desirable that an absorber design have sufficient bandwidth to 
damp all instability modes that might occur. Similarly, it is desirable that the absorber have 
sufficient damping over the entire temperature range that the absorber might experience. 
However, there is some -danger that overall damping will be sacrificed in favor of bandwidth 
to the extent the absorber will not be adequate in any range. 

The bandwidth characteristics of Helmholtz and intermediate resonators tend to be better 
than those of quarterwave resonators. Very good bandwidth can be obtained from 
Helmholtz resonators by adjusting the relative resonator dimensions (particularly, short 
aperture lengths), but at the expense of greater total resonator volume. Another way of 
getting good bandwidth is to use several absorbers, each tuned to a different frequency. 

An interesting case of an absorber designed for several acoustic frequencies is reported for 
the Lance booster engine (ref. 86). An absorber that was effective over the frequency range 
4000 to 9000 Hz was obtained with a sequence of absorbers for which predicted damping 
coefficients are shown in figure 32. The initial absorber (config. 1) suppressed the principal 
instability mode at 4600 Hz, but oscillation in the range of 7000 to 9000 Hz persisted. 
Therefore, approximately one-fourth of the resonators were retuned to give more damping 
at the higher frequency (config. 2), some improvement in stability resulting. Subsequently, 
the absorber was enlarged (open area and cavity size were increased) and tailored by 
analytical techniques for broad bandwidth. The latter configuration incorporating a single 
resonator size (config. 3) was successful. 


2.2.4.5 HOT-FIRING MEASUREMENTS 

In several programs (refs. 21, 47, 49, 67, 69, and 82), oscillatory pressure in the acoustic 
absorber was measured in order to determine, insofar as possible, the acoustic impedance 
that actually existed during test firings of an engine; related measurements were made by 
Crocco, et al. (ref. 19). The technique is essentially that described by Sivian (ref. 87). With 
this technique, oscillatory pressure measurements are made at the open end and at the 
closed end of the absorber. These data are used to infer the absorber impedance. Although 
results from these measurements tend to be widely scattered because of difficulties in 
making the appropriate measurements, they tend to correlate with the cold-flow results 
discussed in Appendix A. The technique provides data ultimately useful for design purposes 
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Figure 32. - Calculated damping coefficient vs frequency for absorber in Lance booster 
engine (ref. 80. 


because the information is obtained on the actual behavior of the absorber during use. 
Otherwise, cold-flow impedance data must be extrapolated to combustion-chamber 
conditions. 


Temperature me asurements and pas sjimplinj’ ^ The acoustic impedance and, in turn, the 
damping of an absorber are strongly dependent on the time-averaged temperature 
distribution within the absorber. The variations in temperatures measured in cavities and 
apertures are often rather large, the spread indicating that these temperatures arc far from 
uniform and that they are difficult to measure. With acoustic liners, the temperature varies 
wth open-area fraction. With quarterwave resonators, temperature often varies with open 
area, and frequently but not always there is a sleep temperature gradient from the open to 
closed ends of the cavity. And, as mi.cht be expected, the temperature varies with the 
propellant combination. 
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In the design of quarterwave-type absorbers, the use of measured absorber temperatures, 
assumed to be representative of the absorber gas temperature (ignoring temperature 
gradients), often may be interpreted to indicate improper absorber tuning when the 
absorber is clearly suppressing an instability. The reason for this discrepancy is not known, 
but it may be caused by measurement errors resulting from chemical reaction on the surface 
of the thermocouple used for the measurement. 

Temperature data from acoustic liner test firings with LOX/LHj may be found in references 
48, 82, and 88 . Temperature data from test firings with quarterwave-type absorbers and the 
LOX/LHj propellant combination may be found in reference '89. Similar data from 
LOX/RP-1 test firings may be found in references 49 and 55, and data from N 204 / 50;50 
propellant combination appear in references 21, 47, and 53. Temperature data from 
quarterwave-type absorbers with the N 2 04 / 50:50 and N 2 O 4 /MMH propellant combinations 
are given in reference 21 ; typical data from these measurements are shown in figures 33 and 
34. These data are reasonably reproducible from run to run and are different for different 
configurations. Some degree of temperature control can be exercised by purging the 
absorber with cold gas (ref. 47). 

Gas sampling has been used to determine the gas composition within the absorber (an 
important measurement for design calculations). Garrison (ref. 1, secs. 8.3.4 and 8.3.5) used 
a sampling technique for ablative liners. Sampling measurements were made in the absorbers 
in the F-1 and LM Ascent engines (refs. 49 and 90) and in the quarterwave absorbers of a 
LOX/LH 2 engine (ref. 89). Phillips (ref. 82) employed gas sampling in his work with the 
LOX/LH 2 propellant combination. In each of these cases, the gas composition was found to 
reflect the gas composition along the chamber wall. Pressure probes were used in the F-1 
engine to measure local gas velocity (ref. 49). 

Measurement of gas temperature and composition in the resonator is essential for accurate 
determination of sound speeds and densities necessary for liner design. 
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3. DESIGN CRITERIA and 


Recommended Practices 

3.1 BAFFLES 

3.1.1 Combustion Chamber Acoustics 

The probable acoustic modes of the combustion chamber shall be known before 
baffle design is initiated. 

A simple acoustic analysis should be made for the chamber. The procedures for this analysis 
are outlined in section 2.1.1. Even for complicated chamber geometries with baffles, this 
simple analysis is recommended as a starting point, but if the chamber is very large or 
digresses considerably from simple cylindrical or annular shape, acoustic-model tests should 
be made, these tests should determine the frequencies of the instabilities that may occur. 
High-amplitude testing with the model can determine effect of baffles (or absorbers) on the 
damping rate of the chamber. During the testing with these acoustic models, care should be 
taken to assure that the proper equipment and techniques are used to prevent spurious 
effects and inaccurate results (ref. 91). 

As an alternate to model testing, the acoustic analysis described in reference 2 should be 
considered. 


3.1.2 Baffle Geometry 

3.1.2.1 TRANSVERSE COMPARTMENT DIMENSIONS 

Baffle spacing in the transverse dimension shall prevent sustained transverse 
oscillations in the compartments. 

When the chamber and injector are very similar to those of a proven design, the baffle 
compartments should be sized from experience with that proven engine. However, it should 
be kept in mind that even small changes in injector pattern, hole size, and fluid velocity may 
make radical changes in stability and thus may require changes in baffle compartment size. 
A change in propellants is not an important change per se, but because the physical 
properties of propellants differ, a propellant change usually results in changes in other 
parameters (e.g., injection velocity) that must be taken into account. 
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will'll the cli;ince<i from ;i proven desipn are sipnifieant. a detailed analysis (refs. 13, 1 5, and 
64) of the steady-state and transient combustion expected in the combustion chamber 
should precede the definition of baffle compartment sizes. The referenced analyses consider 
the detailed combustion and fluid dynamic processes occurrinp in the combustion chamber 
and provide much better bases for baflle spacinp than rule-of-thumb practices based upon 
experience. The analysis should proceed as follows: (1) Determine the steady-state 
operational parameters of the enpine includinp burninp rate, liquid and pas velocities, and 
combustion-pas mixture ratio all as functions of distance from the injector, (2) Use an 
instability model such as that in reference 13 to determine a maximum-size baffle 
compartment. (3) Use the inputs from the steady-state model at locations in the instability 
model that correspond to the baftle tips and verify the adeciuacy of the baffle length. 

When the new design is so radical as to be beyond the capabilities of the existing analyses, 
the simple acoustic analysis discussed in section 2,1.1 should be used as a starting point. All 
modes with frequencies less than approximately 3000 11/ should be prevented by keeping 
baftle compartment si/e small (an odd number of radial baffles should be used). Generally, 
modes with higher frequencies can be effectively controlled by acoustic absorbers with less 
weight, structural, and cooling penalties than will be incurred with corresponding baffles. 
Thus, it is recommeqded that chambers smaller than about 10 in. (2.S.4 cm) in diameter need 
use only radial baflle spokes (i.e,, radial combustion instability modes would not be 
expected to be a severe problem). I.arper chambers shoidd utilize circular can-type baffles to 
eliminate radial aeoustic instability modes. Similarly, for chambers less than 10 in. (25.4 cm) 
in diameter, three spokes probably are sufficient ; larger chambers will require more. Refer to 
section 3.1 .2.3 for additional guidance. 


3.1.2.2 BAFFLE LENGTH 

linfflcs slhill he Ians; enough to prevent full duimher nuxles from occurring 
dowmXrcam of the hufOe^ 

An analysis (see. 3. 1.2.1) of the steady-slate and transient combustion at all engine 
operating conditions should be made to determine the axial region of maximum combustion 
rate (ref. 64). Generally, a cur\'e such as that shown in figure 35 will be found. Baffles 
should be made to extend continuously beyond the region of most intense combustion as 
shown in the figure. 

The practical limit on baffle length (due to cooling requirements becoming excessive) is 
about 5 in. (12.7 cm). Thus, it is recommended that baffles longer than about 4 in. (10.2 
cm) be avoided (it may require a basic change in the injector to achieve this objective). If 
baffles longer than about 4 in. (10.2 cm) are believed to be required, the feed-system 
oscillations should be carefully scrutinized to determine that resonances outside the 
chamber are not responsible for the obsen'cd chamber oscillations. 
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RECOMMENDED 
BAFFLE LENGTH 



AXIAL LOCATION 


Figure 35. — Baffle length related to axial location of maximum rate of combustion. 


As in the case of baffle compartment size, empirical correlations are recommended only if 
injector and chamber are very similar to a proven design. 

Finally, experimental verification of the adequacy of the baffle length is recommended (sec. 

3 . 1 . 2 . 4 ). 


3.1.2.3 CONFIGURATION 

The baffle configuration shall prevent interaction of the acoustic modes of the 
chamber and the modes in the injector feed passage. 

Possible acoustic modes in the hydraulic side of the injector should be calculated, and 
pressure nodes located (ref. 1). If these possible nodes are similar to possible nodes in the 
combustion chamber, it is recommended that a baffle not be placed in a location that would 
be a pressure node in the feed system. Thus, baffles should be designed to straddle such 
possible node locations as the injector dome inlet, main ring groove passages, and other 
passages or passage endings. It is further recommended that, since most hydraulic systems 
are symmetrical and consist of 2, 4, 6. 8, etc. symmetrical portions, an odd number of 
baffles should be used. 

Hub-and-spoke baffle configurations should be used unless severe interaction problems are 
encountered. 
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3.1. 2.3.1 Profile 


The baffle profile shall obstruel acouslic particle displacement and shall mamtain 
continuity with adjacent surfaces. 

In very small chambers (D < 4 in, (10 cm! ). it may be permissible to use only baffle tabs 
(fic. 8) to prevent tanpential oscillatory gas motion on the periphery of the chamber. 

Spaces no more than 0.010 in. (0.254 mml thick may be allowed between a baffle and the 
injector or chamber wall. An attachment should be carefully designed to avoid (1) crevices 
where unreacted propellants may accumulate and possibly detonate and (2) narrow cracks 
that may allow erosive oscillator^' hot-pas flow through them. 

If the baffles cannot be sealed tightly to adjacent surfaces, place the baffles such that each 
baffle compartment has equal mass flow density, i.c., equal propellant injection per unit 
injector area. This practice will minimi/e flow between compartments during stable 
combustion. 

3.1. 2.3.2 Cross Section 

The baffle cross section shall satisfy the rerpiirements for cooling and for 
structural strength but shall not interfere with propellant injection 

To minimi/e baffle interaction with injected propellant and combustion-gas acceleration, 
the baffle should be as thin as possible and should be the simplest cross-sectional shape that 
can be used. There is no specific cross-sectional shape that appears to have advantages from 
a stability standpoint, and therefore the shape should be selected for other reasons. 


3.1.2.4 DESIGN CONFIRMATION AND RATING 

Hot-firing and stability rating tests shall confirm the effectiveness of the baffles. 

For designs of h'w confidence level, hot firing coupled with a stability rating device should 
be used to sequentially determine minimum baffle length, maximum baffle compartment 
dimension, and the interaction of those dimensions. F.ven if the confidence in the stability 
analysis is low, the analysis should be used in concert with the hot-firing tests to reduce 
costs and minimi/e required testing. 

Rocket engines that are designed for vehicles that carry human cargo, i.e., man-rated 
engines, should be known to be dynamically stable. F'or these engines, the following 
program (refs, 29 and .^0) is recommended: 
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(1) Dynamic stability requirements should be specified at the onset of the engine 
development program in the initial engine model specification. 

(2) Stability demonstration requirements for development, qualification, and 
production should be specified at the onset of the development program. 

(3) A detailed stability history should be maintained throughout the entire 
development program. The stability history from initial feasibility and 
development testing will provide the basis for the specific demonstration 
requirements for the qualification test series. 

(4) Potential injector designs and patterns should be evaluated with respect to 
dynamic stability characteristics as soon as the injectors become available for 
testing. Stability testing should be accomplished as parasite tests during early 
component and engine testing to obtain maximum testing at minimum cost. 
Various techniques for artificially inducing combustion instability should be tried. 
Initial stability testing should explore the stability margin of candidate designs. At 
this stage, marginally stable designs should be scrutinized for means to increase 
their stability margin. Subject to overall development considerations, the designs 
with the greatest stability margin should be selected for further development. 

(5) Stability testing during extended development should be conducted to 
demonstrate that the preferred combustion-chamber design meets the specified 
stability requirements and has an adequate design margin. The majority of the 
tests should be conducted with the most effective rating device at the most 
sensitive location. 

(6) Qualification and subsequent stability testing should be minimal and conducted 
only to provide confidence that some unknown production factors or minor 
hardware changes have not reduced the stability margin of the production engine 
below specification levels. Engine-to-engine variability requires that several 
engines be tested to establish a confidence level for the design. Engines with 
different accumulations of test time should be tested to determine whether engine 
stability degrades with time. 

Engines designed for other purposes should also be stability rated, but the extent and 
requirements of the rating program should not be as strict as those for man-rated systems. 

Either a bomb mounted inside the combustion chamber or a pulse gun mounted on the 
periphery of the combustion chamber should be chosen as a stability rating device. 
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3.1.3 Structural and Mechanical Design 


3.1.3.1 MATERIAL SELECTION 

Baffle material shall he suitable for the strurtural loads and for the chemical and 

thermal environments 

OFMC copper and aluminum alloys are suitable baffle materials for use with cryogenic 
propellants and storable propellants, respectively. For short Firincs, the use of 
refractory-coaled baffles or composite baffles with an ablative outer layer should be 
considered. Any materials other than tho.se used previously in similar sers'ice should be 
tested carefully for chemical, structural, and thermal suitability, with both combustion gases 
and raw propellants and with careful attention to engine duty cycle. Whatever material is 
selected, inspection and quality control measures should be adequate to ensure that the 
material does not deviate from specifications. 


3.1, 3.2 STRESSES 

3.1. 3.2.1 Thermal Stresses 

Baffles shall not experience unacceptable permanent distortion from thermal 
stresses. 

If baffles are to be welded or brazed to the injector face, the baffle material should have a 
coefficient of thermal c.\pansion slightly lower than that of the injector face. The 
recommended practice is to make the baffles integral with the injector. Other practices to 
avoid permanent distortion include additional film or mixture-ratio-bias cooling near the 
baffles and good internal baffle cooling. For instance, regeneratively cooled baffles have 
shown increased cooling capability over dump-cooled baffles. The improved cooling has not 
incurred the performance penalty that would re.sult from excessive dumping of baffle 
coolant downstream of the baffle, 

Some baflle distortion would appear to be inevitable for long-duration and repeated firings, 
but the extent can be controlled by baffle cooling, 

3.1. 3.2.2 Dynamic Stresses 

Baffles shall withstand effects of engine ignition transients and overpressures from 
the stability rating device. 

Prevent excessive dynamic loads due to ignition transients by locating at least one ignition 
source in each baffle compartment. F.ven with this precaution, repeated starts can result in 
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permanent baffle distortion. Therefore, the expected lifetime or number of restarts should 
be considered in the stress calculations. In the case of stability rating devices (e.g., bombs or 
pulse guns), dynamic overpressures up to five times the steady-state chamber pressure may 
be expected. Repeated pulsing as well as restarting can cause baffle distortion to become 
significant and should be considered in the structural design. 

3.1. 3.3 ATTACHMENT 

Effects of baffle thermal expansion shall not cause failure of the injector or the 
injector jbaffle joint. 

During repeated engine firings, the baffle tip must be cooled sufficiently (sec. 3.1.4) to 
prevent compression beyond the elastic limit during firing if the baffles are rigidly attached 
(i.e., brazed, integral, or welded) to the injector. 

3.1.4 Thermal Control 


3.1 .4.1 ANALYTICAL BASIS 

Analytical studies shall accurately predict the thermal and chemical environment 
surrounding the baffles near the injector face. 

The adiabatic wall temperatures, gas mixture ratios, and liquid propellant splashing on the 
baffles as a function of position should be determined by an analysis similar to that in 
reference 14. This analysis gives an accurate estimate of propellant and gas velocity vectors, 
gas mixture ratios, and percent of propellants burned. Injector locations, angles, and orifice 
sizes; propellant velocities; and propellant properties must be known to obtain the required 
data. 

The calculated adiabatic wall temperature coupled with a heat-transfer coefficient calculated 
either from the simplified methods of Bartz (ref. 38) or the more accurate methods of Hines 
(ref. 36) should be used to obtain the heat transfer to the baffles. This heat-transfer analysis 
forms the boundary conditions and the starting point for subsequent internal thermal 
analysis of the baffles. 

If the analysis indicates severe mixture-ratio inhomogeneities, chemical corrosion of the 
baffles by highly oxidizer-rich combustion gases at local areas should be prevented either by 
modifying the injection characteristics or by introducing film coolant. 
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3.1.4.2 COOLING METHODS 


The baffle (r>nlins; method shall maintain the temperature of the baffle at or 
below allowable limits durins; the lifetime of the enttinc 

Tho simp!c>;t coolinc metliod (cooling by heat sink and conduction of heat to tlic injector 
face) is recommended. Tliis method shouhi be strongly considered when the engine lifetime 
is short, the baffles are less than 2 in. (5.1 cml long, and the baffles are attached to the 
injector by a means that ensures good thermal contact (welding or brazing). It is further 
recommended that all possible simple extensions of this method be investigated. These 
extensions include the application of coatings or laminations to uncooled baffles to protect 
them from hot combustion gases and to reduce heat transfer. 

Particularly in the case of conduction cooling of baffles, and to a lesser degree in other 
cooling techniques, conduction analyses such as those in reference 37 should be used to 
determine the temperature distribution in the baffle. These temperatures are then used to 
determine thermal stress and allowable material stress. 

Coolant flow through dump-cooled or regeneratively cooled baffles must be sufficient for 
the coolant to absorb the total heat transferred to the baffles from the hot conduction gases 
without boiling or reaching its decomposition temperature. Further, the coolant velocity 
must be sufficiently high to prevent local heat fluxes from exceeding the allowable 
nucleate-boiling heat flux. Generally, the methods used for design of regeneratively cooled 
thnist chambers (ref. 52) should be folUnved for design of dump and regeneratively cooled 
baffles. 

Film- and transpiration-cooled baffles should be designed according to procedures 
established for similarh' cooled thrust chambers. Particular attention should be paid to local 
hot spots caused either by a dearth of coolant or by a localized high burning rate in the 
combustion gases. Progressive heating of this hot spot can cause failure of the baffle system. 
Father furnish these hot spots more coolant or reduce the heat input to these points by 
locally reducing the mixture ratio from the injector. The choice between these methods 
depends on relative effects on performance of the engine. 

Baffles made entirely of ablative materials have not proven successful and arc not 
recommended, but metal baffles covered by ablative material are often appropriate for 
short-duration firings. Care must be taken in the design of these composite baffles to ensure 
that the ablative material is not expected to take large strains or deflections (i.e., the metal 
structure must be designed to be more rigid than might be normal practice without the 
ablative lamination). 


80 


3.1 .4.3 EXPERIMENTAL EVALUATION 


Experimental methods shall provide data adequate for evaluation of the 
effectiveness of thermal control 

During hot firing, observe discoloration pattern, surface pitting or melting, erosion, peeling 
of coatings or ablative materials, cracked braze joints, and other evidence of inadequate 
cooling. These occurrences point out the need for corrective baffle cooling measures. 

When insufficient cooling is suspected at a particular position on the baffles, measurements 
of local surface temperature, heat flux, or overall heat input should be made to assess 
quantitatively the problem of baffle overheating. These measurements should be integrated 
closely with an analysis effort such as that discussed in section 3. 1.4.1. 


3.1.5 Baffle/Engine Interactions 


3.1. 5.1 INJECTOR 

Baffles shall not interact with injected propellants to cause low performance, 

overheating, or accumulation of unburned propellants. 

Baffle design should be an integral part of the manifold/injector design. To minimize the 
effect of baffles on uniformity of distribution of mass and mixture ratio across the injector 
face, the number, thickness, and length of baffles should be minimized. Further, the 
techniques outlined in section 2. 1.5.1 should be used to prevent nonuniformities in 
mixture-ratio and mass distribution. Propellants splashing against the baffles can also cause 
low performance and should be avoided by placement of baffles away from spray fans. 

When baffles are dump or regeneratively cooled, make sure that the removal of the coolant 
from the injector manifold does not affect (starve) the adjacent injection ports. Similarly, 
the injection of film coolant for the baffles must be such that it creates minimum 
perturbation in the overall injection spray pattern. Dump cooling of baffles can also 
adversely affect the overall mixture-ratio distribution in the region of the baffles. Therefore, 
the sprays adjacent to the baffles must attempt to level the effect of the coolant dumped 
from the baffles. 
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3.1.5.2 COMBUSTION CHAMBER 


liaWc \uihc effi i ts slut! not r./r/vc erosion of the comhmfion-ciuvnhcr wall or 
create pross disc onrinuiiics in t;as tlnw. 

Byffle tips sliould be niadc as thin as possible to minimi/e vortex motion and flow 
separation alone the cliainber wall at llie baflle tips If stnielural or cooling considerations 
prevent utilization of sufficiently thin baflle lips, additional film cooling should be provided 
for the chamber at those points where the iKnindary layer is disrupted by the flow in the 
wake of the baffles. Another practice that will prevent erosion of the combustion chamber 
at these locations is to overcool the baffle in this region by dump cooling such that the 
coolant dumped from the baflle tip near the wall will also act as a film coolant for the 
chamber. 


3.1.5.3 IGNITION 

Baffles shall nor increase the likelihood of dania(;c hy hard starts 

Provide multiple ignition sources within the chamber, so that any combustion wave 
progressing through raw propellants cannot build to a strong detonation wave. 

Vent holes through baffles are not recommended because they subvert the Intended purpose 
of the baftle 


3.1 .5.4 STABLE OPERATION 

Baffles shall not contribute to the frequency or magnitude of laryc-amplitudc 
pressure perturbations in the combustion chamber. 

Avoid any baflle design that would allow propellant to accumulate in crevices. Minimize any 
part of the combustion chamber'injeclor design that would cause raw propellant to spray on 
cold surfaces of baffles, chamber, or injector. 


3.1.5.5 STABILITY RATING DEVICE 

Baftles shall not be subject to damat^c by stability ratiny devices 

The bomb or pulse gun used to rate the stability of a combustion chamber should be located 
and oriented to minimize damage to baffles (and to the combustion chamber and injector) 
by shrapnel from the device. Particularly sensitive areas such as dump-cooling orifices, thin 
walls used for cooling, or fragile seals in the baffles should be protected from shrapnel 
damage. 
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The baffles should be sufficiently strong to withstand the overpressures generated by the 
combustion-stability rating devices. If the stability rating device is to be mounted to the 
baffle, easy access (from outside the chamber) to the mounting point and, if electrical 
initiation is to be used, access to the actuating wires must be provided. 

Whatever type of rating device is used, it is essential that the baffle configuration not be 
changed by the rating device; for example, extra openings caused by exposed lead-wire ports 
may act as acoustic absorbers that make the chamber more stable than one without the 
lead-wire port. 


3.1. 5.6 THRUST VECTOR CONTROL (TVC) 

The baffles shall not interfere with normal operation of the thrust vector control 
system. 

The design of baffles and TVC injection sites should be coordinated. The TVC injection site 
should be located away from the wakes of combustion chamber baffles. 


3.2 ABSORBERS 

3.2.1 Configuration 

3.2.1 .1 LOCATION 

The location of the acoustic absorber shall provide optimum damping. 

In most cases, maximum damping can be obtained by locating the acoustic absorber as close 
to the injector face as possible. This rule holds for partial chamber acoustic liners as well as 
for acoustic slots. In all cases the absorber should be as short as possible consistent with 
adequate damping. 


3.2.1. 2 PARTITIONS 

Acoustic absorber partitions shall provide structural support for the absorber and 
prevent hot-gas circulation within it. 

To maintain structural integrity, support acoustic liner inserts in cylindrical chambers by 
partitions located between the chamber wall and the insert. The number and location of 
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siK'li p:irIilion^ nia\' l‘>c tlotormiiu'd by a sires'; aiiah sis iliat assunu's a tliriVronlia! prcss\iro of 
fi>ur times ilie stoady-stale chamber pressure aeliiip across the liner; tliis pressure differential 
corresponds to combustitm-cliamber overpressures of five limes the steady-state chamber 
pressure, lor quartervvave absorbers, twelve equally spaced partitions are recommended. 

To prevent hot-pas circulation (and attendant erosion) in the absorber, the number of 
partitions should be two or three times the number of injector face baflles Thus, if an 
injector incorporates three baflles in its desipn, nine partitions are used to prevent hot-pas 
circulation in the absorber. 


3.2.2 Construction 


3.2.2.1 CHAMBER LINERS 

Chiimhcrlincr aenuKfic ah^nrlnrs siull w’ifh^fiincl stress due (n both steady-state 
chamber pressure and itfjpuhire chamber overpressturs 

Chambor-Iiiu^r acoustic absorbers may be tlesiimecl in two basic ways: (1) a perforated 
chamber enchased by annular rines. and (2) a perforated cylinder inserted in the chamber 
prim:iry structure. 

In both cases, the components of the chamber-liner acoustic absorber Khould be designed to 
withstand hipli stress levels a! Inch temperatures by methods sudi as those used for the 
desien of combustion-chamber walls (refs. 4f) and 50). Allowance should be made for 
differential thermal expansion (in both axial and radial directi(ms) between the absorber 
component and the backup structure (ref. 60). 


3 2.2.2 SLOTS OR ACOUSTIC CAVITIES 

Sint aeotntic ab\nrbers shall have minimal impart an the strut tura! inteyrijy of 
the iitjectnr and enmbustion chamber wall 

Slot acoustic absorbers sliould be located near the injector face either by nuicliinitie the slot 
into the injector face or thrust chamber wall or by judicitnis machinine of the 
injector/chaniber interface region, In both cases, the basic struclur.tl designs can be 
determined fixmi methods used for combustion-cliamber and injector tlesier^ (refs. 52 and 
92). 
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3.2.3 Thermal Control 


3.2.3.2 COOLING METHODS 

The thermal analysis shall accurately predict heat loads on the acoustic absorber. 

Calculations of local heat flux should be made with analyses based on both the injector 
element configuration and the combustion pattern resulting from the propellant spray 
distribution (refs. 36, 52, 53, and 63). 


3.2.3.2 COOLING METHOD 

The cooling method shall enable the acoustic absorber to withstand chamber heat 

loads without loss of damping properties. 

In general, acoustic absorbers can be designed to withstand chamber heat loads by 
employing cooling methods such as those used for the design of combustion chambers and 
injectors (refs. 52 and 92). In particular, acoustic-absorber cooling requirements can be 
reduced by making use of existing combustion-chamber cooling capabilities (e.g., swedge 
apertures between tubes in regeneratively cooled thrust chambers); avoiding regions of 
extremely high heat flux (e.g., the nozzle region); and locating the absorber in regions of 
low heat flux (e.g., the injector region). The last two recommendations suggest the use of 
short absorbers located adjacent to the injector face. If the absorber is short enough and the 
heat flux in the injection region low enough, then the required cooling can be obtained 
through the use of refractory metal coatings on the absorbers. Test results (ref. 60) indicate 
that acceptable acoustic-liner cooling can be achieved by combining film cooling with either 
regenerative cooling, transpiration cooling, ablative materials, or high-melting-point metals. 

If either film or transpiration cooling is used, care must be taken to avoid coolant flow into 
the cavities; for example, cant the absorber apertures downstream. Liquid accumulation 
could both reduce the damping of the absorber and cause an explosion in the absorber 
cavity. If ablatively cooled absorbers are used, erosion of the aperture entrances must be 
considered, because such erosion could reduce the absorber damping (ref. 60). Special 
materials might be needed in this region. 
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3.2.4 Acoustic Damping Analysis 


3.2.4.1 ANALYTICAL METHODS 

Acnmiir-ahanrhcr damping cocfficinU shaU be a maximum within constraints 
imposed by hardware and geometry. 

The absorber darnpinc coefficient c.in be optimized without tuninn to the frequency of 
instability. Since new chamber resonances can occur with the absorber present and since 
temperature variations chance tuninc of the ab.sorber. the absorber dampinc coefficient is 
the critical desicn parameter. Tlierefore, the absorber open area can be made to provide 
optimum dampinc rather than exact tuninc. 

The damping coefficient for an acoustic absorber can be calculated by the methods 
described in section 2.2.4. 1. Although the absorption coefficient is easier to calculate (and 
can be used for preliminary design), the dampinc coefficient is the better measure of 
absorber stabilization. 

Although results of the damping-coefficient calculations provide no absolute measure of 
absorber performance, a reasonable value for o should lie in the range 100 to 1000 sec”'. 
The decision in this range must rest on heuristic evaluation of the “sensitivity” of the 
instability (qualitatively indicated by damage, pressure amplitude, frequency of occurrence, 
rating device size required to initiate, growth rate, etc.). 

The calculation of absorption 'damping coefficients should be based on the calculated 
absorber acoustic impedance. The overall surface acoustic impedance can be calculated as an 
area-weighted average by the methods given in Appendix A. Only if dimensions of the 
resonators are small compared with a wavelength may the simple cavity impedance and 
aperture reactance be used. Calculations of aperture resistance should be based on the 
maximum oscillatory velocity in the aperture. These calculations also include the effects of 
cross and through flows. 


3.2.4.2 EXPERIENCE GUIDELINES 

Design guides based on experience shall define minimum open area for a tuned 
absorber. 

Empirical results such as those presented in figure 29 and in section 2. 2.4. 2 show that a 
minimum open area of the absorber necessary to achieve stability is often found when the 
available data are assembled and studied. It is recommended that this procedure, based on 
demonstrated absorber effectiveness in producing stability, be used whenever possible to 
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determine minimum open area and/or absorber damping coefficient required for stability. 
To enhance the likelihood of successful design on this basis, the designer should exploit 
every opportunity with new test, development, and production engines to enlarge the store 
of knowledge presented in tables IVA and I VB and in figures 29, 30, and 3 1 . 


3.2.4.S DESIGN PRESSURE AMPLITUDE 

Acoustic-absorber design calculations shall be based on oscillatory pressure 
amplitudes that are related to the steady-state chamber pressure. 

Calculations of damping coefficient for an acoustic absorber should assume overpressure 
amplitudes 1 0 to 1 00 percent of the steady-state chamber pressure. The use of arbitrary, 
all-purpose pressure amplitudes for design calculations is not recommended, since they 
represent ne^igible disturbances at high chamber pressures and nonlinear, nonacoustic 
disturbances at low chamber pressures. 


3.2.4.4 BANDWIDTH 

Acoustic absorbers shall have acceptable side-damping bandwidth. 

The frequency range over which an acoustic absorber provides effective damping can be 
optimized (consistent with structural, spatial, and thermal limitations) by methods 
described previously. Care must be taken so that effective damping at the primary frequency 
of instability is not sacrificed. 
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APPENDIX A 


CALCULATION OF ACOUSTIC IMPEDANCE 


The acoustic impedance of a surface is given by 



P 


(A-1) 


n • u 


where, as before, i = \/- 1 and 


Z = acoustic impedance 
Y = acoustic admittance 
R = acoustic resistance 
X = acoustic reactance 
P = oscillatory pressure 
u = oscillatory velocity 

~n = outwardly directed unit normal vector 

» 

An alternate definition of Z is used by Tonon (ref. I , p. 408). 

Generally, the acoustic impedance is a function of both position and frequency. For 
simplicity, however, it is often assumed to be constant over some region of space. At high 
amplitudes, the acoustic resistance R is strongly dependent on the local pressure amplitude, 
but the reactance X is weakly dependent. 

Calculations of absorber impedance (especially for acoustic liners) usually are based on an 
area-weighted average acoustic impedance given by 



(A-2) 
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where 


Z^v ~ averace surface impedance 

£, = the fraction of the surface with impedance Z, 

(1 - €, ) = the fraction of the surface with impedance Zj 

For many calculations, specifically calculation of absorption coefficient (cq. (1 1)), Z*v and 
Z are taken as the same. 

Fxjuation (A-2) holds for absorber elements whose separation is small compared with the 
wavelength X (spacing less than X./(2;r)^‘ , according to Ingard (ref 93)). 

Equation (A-1) generally is used for acoustic liners (with the assumption Zj » Zj). For 
more than two kinds of absorber elements, equation (A-2) can be generalized to 



(A-3) 


where 


n = number of different types of absorber elements 
= fraction of surface occupied by the i**' type of absorber clement 
Zj = impedance of the i'^' type of absorber clement 

The spacing between each type of element should be less than 

Two kinds of fractional areas have been employed in liner calculations: one, e, oased on the 
total chamber-side surface area, and the other, a, based on the cavity-side surface area (a is 
defined as (aperture areal/( resonator areal). The chamber-side basis e is the appropriate one 
for calculating the liner impedance since, without changing cither the open area of the 
resonator or the natural resonant frequency, the interna! cavity area could be varied to give 
a value for a very near zero or one. 

The acoustic impedance of an absorber clement itself can, particularly in the case of a 
Helmholtz resonator, be approximated by 

Z = Z,-+Z^ (A-4) 
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where 

Zq = cavity acoustic impedance = Rc + iXc 
= aperture acoustic impedance = Ra i^A 
Rjj = cavity acoustic resistance 
Xc = cavity acoustic reactance 
Ra = aperture acoustic resistance 
Xa = aperture acoustic reactance 


A. 1 CAVITY ACOUSTIC IMPEDANCE 

The impedance of a simple resonator cavity alone (region Vc in fig. A-1) is purely reactive 
(i.e., Rc = 0) and is given by the well-known expression 


Zc=iXc 


7c ^C -^A 


(A-5) 



Figure A-1. — Sketch Illustrating parameters involved in calculation of acoustic 
Impedance (adapted from ref. 1). 
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where 


*)j. = ratio of specific heats of gas in tlie cavity 
Pj. = tinie-averaced pressure in cavity 
= cross-sectional area of aperture 
to = angular frequency of oscillation 
V^. = volume of cavity 

This equation is valid if all cavity dimensions are small compared with the wavelength X = 
277C(/to. Terms involved are illustrated in figure A-1. 

If the cavity depth is not small compared with the wavelength, but the cavity cross-section is 
either rectangular or cylindrical in shape, equation (A-5) may be replaced by the c.vpression 


Z 


f 



(A-6) 


where 

= cross-sectional area of the cavity 
Lj- = cavity depth 

Cj. = isentropic speed of sound in the cavity = 


This equation is readily obtained by solving the wave equation with boundary conditions 
appropriate to the cavity. The particular form given here results from a long-wavelength 
approximation: correction terms can be obtained with variational approximation. It should 
be noted that, for small a)l,^./cf (i.c.. 1-^ « tv/to * X), equation (A-6) reduces to 
equation (A-.'l), 

Acoustic liners frequently are made with an annular resonator cavity around the 
circumference of the chamber (figs. 20 and 21); i.e.. a perforated cylinder with an outside 
diameter somewhat smaller than the inside diameter of the combustion chamber is inserted 
into the chamber. The perforated cylinder is centered in the chamber with several 
circumferential struts. The annular space between the combustion-chamber wall and the 
perforated cylinder forms the resonator cavity. The acoustic impedance of this kind of 
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resonator cavity is different from that given in equation (A-6), because the length of the 
cavity in the annular direction is not small compared to a wavelength. A suitable expression 
is easily obtained by solving the wave equation with boundary condtions for the annular 
cavity. Since the thickness of the cavity usually is small, the Bessel function expression that 
results can be reduced by a Taylor-series expansion around the outer radius to give 


A;^ = aperture cross-sectional area (per aperture) 

Ag = cavity cross-sectional area (per aperture) 

Ar = radial depth of resonator cavity 

r^ = radius of outer shell of resonator cavity 

m = angular index of the mode excited in the main chamber 

Equation (A-7) reduces to equation (A-5) if m = 0, a radial or longitudinal mode. Also, 
equation (A-7) is valid only if the radial cavity dimension Ar is small compared with the 
wavelength. 


A.2 APERTURE ACOUSTIC IMPEDANCE 


Acoustic resistance. — The resistance of absorber elements is affected substantially by both 
the local pressure amplitude and the steady-flow environment. In the amplitude range of 
interest for absorber design, the resistance of Helmholtz and quarterwave resonators is 
dominated by high-amplitude effects, the viscous losses generally being negligible in 
comparison. 

The high-amplitude acoustic resistance of acoustic resonators often may be adequately 
expressed as 


Z 



(A-7) 


where 


Ra =TPa'Ua 


(A-8) 
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where 


r = coefficient tliat varies with resonator type 
= tinie-averaped pas density in the resonator open end (aperture) 

= peak velocity amplitude in the open end (aperture) 

Values for the resistance coefficient P may be obtained from the theoretical studies of Zinn 
(ref. 1, pp. 400-405), Siripnano (ref. 76), Tonon (ref. | , pp, 405-40S), and Olierg (ref 94). 
For Helmholtz resonators, the value 


w'here Cf is an empirical flow coefficient for steady flow, provides good correlation with 
experimental data (ref I. p. 404). For quarterwave resonators, values of I' ratipinp from 
about 0.6 to about 0.3 have been obtained (refs. 21 and 46), 

In absorber-design calculations, the value of P often may be combined with the value for the 
assumed design pressure amplitude to give a single design parameter (ref. 46). 

The effects of steady flow through the resonator have been studied by several investigators 
(ref. 1, pp. 405-407; refs. 47. 4R, 94, 95, 96, and 97). The results suggest the use of 


where is the steady-flow velocity through the aperture. 

The effects of steady cross flow (perpendicular to the axis of the aperture) are even less well 
known. Most cross-flow liner designs have been based on the work of Meyer, Mechel, et al. 
(refs. 98 and 99). They found both components of the impedance to be affected by the 
flow. In particular, aperture resistance was found to increase with cross-flow velocity. An 
interesting feature of this work is that amplification was encountered in some regions of 
operation, but this does not appear to be a problem in absorber work (ref. 88). 

More recent work by Garrison (ref. 96) led to the empirical expression 


P = 0.37/C; 


(A-9) 



(A-10) 


R^=(1 + 1.9M,.)R^(,- 0) 


(A-1 1) 
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where Mp is Mach number of the steady flow past the orifice and H\.(u = o) is the no-flow 
aperture resistance. This expression is based on data obtained in the range 0.05 < Mp < 
0.25. Phillips’ results (ref. 100) appear to obey a similar relationship with a somewhat 
greater slope. 

Garrison (ref. 48) also measured the aperture resistance with simultaneous through and cross 
flows. He concluded the resistance was dominated by the through-flow effect and was 
adequately described by the through-flow expression except for very low through-flow 
velocities. 

The effect of steady flow on the resistance of quarterwave resonators has not been 
measured. It appears reasonable to assume, however, that the effects are similar to those 
found with Helmholtz resonators. 

Acoustic reactance. - The reactance of a Helmholtz resonator aperture that is short 
compared with a wavelength may be written as 


Xa 


(A-12) 


where is the effective aperture length. The effective aperture length is obtained by adding 
a mass end correction 6 to the physical length fi, i.e., + 5. 

The mass end correction 8 is composed of contributions from each area change, i.e., from 
each end of an aperture (fig. A-1); 


6 = 6a+8c (A-13) 

The contributions from each end may be different but usually are assumed to be equal. In 
addition, the parameter 5 depends on both oscillatory velocity amplitude and steady-flow 
velocity. Table A-I presents some recommended equations for 5 for the conditions cited. 
These equations are based on the assumption that 6 a = . When this assumption is not 

valid, the same equations can be used to determine 5 a and 6c by halving the coefficient of 
Da or Aa and assigning an appropriate value to a for each end of the aperture; 6 then is 
the sum of 8 a and 8c thus determined. For low area ratios (a < 0.16), the equation 

8 = 0.96A^ (0.5 - 0.7Va) (A-14) 


appears to be most suitable for all conditions. 
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Tabic A-!. — Recommended Equations for Mass End Correction 5 


6 

Limitation 

Reference 

0,«5Da (1 -0.7 /a) 

a<O.I6 

Low am pi it 11 tie, no flow 

93 

0,4 Da (1 - 0.7 J») 

Hicli amplitude, higfi through flow 

47. 95, and 97 

3/8(0.R5 Da (I - 0.7 m 

Sharp edge orificcji, moderate 
amplitude 

10) 

0.85 Da (0 5 - 0.7 /a) 

High external crosi; flow or 
through flow 

This work 

0.877 a!(‘(I - 0,818 JS) 

Nondrcular apertures, moderate 
amplitude 

53 

0.96 aX (0 5 - 0,7 Ja) 

All conditions a < 0.16 

Tliis work 


1)^ 5 dufTVtcT tif apcruifc 
A;\ " 3rc*3 ttf aperture* 

a ' (apt'rrurc' areal 


A. 3 RESONATOR ACOUSTIC IMPEDANCE. 


When equation (A-4) is rewritten in terms of the resistance and reactance components, the 
impedance of a simple resonator is expressed as 

Z = (R^. +iX,.) + (R^ +iX^) (A-1S) 

The preceding discussion has shown that the acoustic resistance of the resonator is simply 
the resistance of the aperture R^ , so that equation (A- 14) becomes 

Z=R^ +ifX^ +X,.) (A- 16) 

The reactance of a Helmholtz resonator thus can be written as the sum of the aperture and 
cavity reactances: 


X=X^+X, 


(A- 17) 
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(A- 18) 


Equation (A- 17) rewritten in terms of equation (A- 12) and equation (A-5) yields 


X = Pa 


Ta Pq 
coVe 



(A-19) 


(A-20) 


with the sonic velocity in the aperture. 

By comparison, the reactance of a quarterwave resonator, for a partitioned cavity, is 


X=-PaCa 



(A-21) 


where is the depth of the slot or cavity. 


The reactance of an intermediate resonator can be calculated from the solution for the wave 
equation for the inside of the cavity (ref. 7). The expression for this reactance reduces to 
the Helmholtz expression (eq. (A-18)) when Lc and fie are small compared to a wave length; 


it also reduces to the quarterwave expression (eq. (A-21)) when 


(pc 

\A 


).- ©. 


Expressions for the reactance of more nearly general resonator configurations may be found 
in reference 46. 
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APPENDIX B 
GLOSSARY 


Symbol Definition 


A 

absorption coefficient 

A (with subscript) 

cross-sectional area 

a 

aperture area/resonator area 

Cf 

empirical flow coefficient for steady flow 

Cp 

specific heat at constant pressure 

c 

velocity of sound 

D 

diameter 

f 

frequency 

h 

average baffle height 

i 

imaginary unit, i = 

k 

thermal conductivity 

L 

length or depth 

L 

mean length 

LMA.LMAE 

lunar module ascent engine 

£ 

physical length of aperture 


effective aperture length, £g = £ + S 

Mp 

Mach number of the steady flow past the orifice 

m 

angular index of the mode excited in the main chamber 
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Symbol 


N|. 

Ncc 


o/f 

P 

P 

P 


AP 


R 

Ra(U=^0) 


To 

Ar 


t 

U 


A 

U 






r 


Definition 

number of radial bafnes or hafOe blades 

number of cylindrical baffle cans 

uni! nonml vector directed outward from surface 

oxidi/er to fue! weiplil ratio 

pressure 

lime averaped pressure 
oscillatory pressure 
pressure peak amplitude 
overpressure 
ac<nistic resistance 

acoustic resistance of aperture with no steady flow ih rough it 
radius 

radius of outer shell of resonator cavity 
radial depth of resfuiator cavity 
lime 

steady fliuv veh>city 
velocity peak amplitude 
oscilla!<>ry velocity 
vtdume 

Iransverse ccunparlrnent dimension 
ctunpartment dimension in radial direction 
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Symbol 


Definition 


W0 


X 

XRL 

Y 

Z 

Zi 

OL 


PitlyTi 

r 

T 

5 


€ 


f 


0 


K 

\ 

P 


compartment dimension in tangential direction 

acoustic reactance 

extended range Lance 

acoustic admittance 

acoustic impedance 

acoustic impedance of i^^ kind of absorber element 
temporal damping coefficient 

transverse (tangential and radial) eigenvalues (m = integer indicating 
tangential mode; n = integer indicating radial mode) 

correlation coefficient for slot resistance 

ratio of specific heat of gas at constant pressure to that at constant 
volume 

(1) decay rate 

(2) mass end correction added to physical length 9. of aperture 
(table A-I) 


fraction of surface with impedance Z 

fraction of surface with impedance Zj (fraction of surface occupied by 
the i*** absorber element) 

specific acoustic impedance 

specific acoustic resistance of a liner surface 
k 


thermal diffusivity, k = 


PC. 


wavelength 

density, usually gas density 
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p 

lime averaged ga*: density 

0 

open area of absorber expressed as a fraction or percentage of injector 
face area 

X 

specific acoustic reactance of a liner surface 

CO 

angular frequency of oscillation 
Subscripts 

A 

aperture 

av 

average 

B 

baffle 

C 

cavity 

cc 

cylindrical cans 

ch 

chamber 

m 

integer indicating tangential mode number 

max 

maximum 

min 

minimum 

N 

mode of oscillation (m, n, or q as in cq.(l)) 

n 

integer indicating radial mode number 

opt 

optimum 

q 

integer indicating longitudinal mode number 

Materia! 

Identification 

50:50,50.50 

50/50 blend by weight of hydrazine and UDMH, propellant grade per 
MIL-P.27402 

Chromel-alumcl 

thermocouple 

thermocouple whose elements are nickel-base alloys. The positive 
element is chrome!; the negative element is alumel. 
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Material 


Identification 


CTF 

FLOX 

hydrazine 

IRFNA 

LH2 

L02.L0X 

LPG 

MHF-7 

MMH 

N2O4 

nylon 

OFHC copper 
Refrasil 

Rigimesh 


RP-1 

Teflon 

UDMH 


chlorine trifluoride 

mixture of liquid fluorine and liquid oxygen 
N 2 H 4 , propellant grade per MIL-P-26536 

inhibited red fuming nitric acid, propellant grade per MIL-N-7254 Type 
III A 

liquid hydrogen (H 2 ), propellant grade per MIL-P— 27201 
liquid oxygen (O 2 ), propellant grade per MIL-P-25508 
liquified petroleum gases: 55% CH 4 , 45% C 2 H 6 
mixed hydrazine fuel 

monomethylhydrazine, propellant grade per MIL-P-27404 
nitrogen tetroxide (oxidizer), propellant grade per MIL-P-26539 
a thermoplastic polyamide 
oxygen-free high-conductivity copper 

trademark of HITCO (Los Angeles, CA) for fibrous silica of high purity 
Si 02 ; useful as extreme high temperature insulation; resistant to 
high-frequency vibrations 

trademark of Aircraft Porous Media, Inc. (Glen Cove, NY) for porous 
plate formed by compressed, sintered stacks of wire screen 

kerosene-base high-energy hydrocarbon fuel per MIL-P-25576 

trademark of E. I. duPont Co. for tetrafluoroethylene fluorocarbon resins 

unsymmetrical dimethylhydrazine, propellant grade per MIL-D-25604 
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ARRRrVIATIONS 


Oigani/alion Idcn tincalion 


Af'OSR 

Air Force Office of Scientific Research 

AFRPI, 

Air Force Rocket Propulsion I^ahoratory 

AGARD 

Advisory Cirmip on Aeronautical Research and Development 

Aici.r 

American Institute of Chemical Fncineers 

AMR!. 

Aerospace Medical Research I^ahoratory 

ASMF 

American Society of Mechanical Fnginccrs 

CPI A 

Chemical Piopulsion Information Agency 

ICRPG 

Interagency Chemical Rocket Propulsion Group 

JAKNAF 

Joint Army -Na\y NASA Air Force 

P&W 

Pratt Sc Whitney Aircraft 

\STAFR 

Wfight'Palierson Air Force Base 
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NASA SPACE VEHICLE DESIGN CRITERIA 
MONOGRAPHS ISSUED TO DATE 


ENVIRONMENT 
SP-8005 
SP-8010 
SP-801 1 
SP-8013 

SP-8017 

SP-8020 

SP-8021 

SP-8023 

SP-8037 

SP-8038 

SP-8049 

SP-8067 

SP-8069 

SP-8084 

SP-8085 

SP-8091 

SP-8092 

SP-8103 


Solar Electromagnetic Radiation, Revised May 1971 

Models of Mars Atmosphere ( 1967) , May 1968 

Models of Venus Atmosphere (1972), Revised September 1972 

Meteoroid Environment Model— 1969 (Near Earth to Lunar Surface), 
March 1969 

Magnetic Fields— Earth and Extraterrestrial, March 1969 
Mars Surface Models ( 1 968), May 1 969 

Models of Earth’s Atmosphere (90 to 2500 km). Revised March 1973 
Lunar Surface Models, May 1969 

Assessment and Control of Spacecraft Magnetic Fields, September 1970 

Meteoroid Environment Model- 1970 (Interplanetary and Planetary), 
October 1970 

The Earth’s Ionosphere, March 1971 

Earth Albedo and Emitted Radiation, July 1971 

The Planet Jupiter (1970), December 1971 

Surface Atmospheric Extremes (Launch and Transportation Areas), 
Revised June 1974. 

The Planet Mercury (1971), March 1972 
The Planet Saturn (1970), June 1972 

Assessment and Control of Spacecraft Electromagnetic Interference, 
June 1972 

The Planets Uranus, Neptune, and Pluto (1971), November 1972 
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STRUCTUR! S 
SP^mo] 
SPS002 
sr-soo3 
SP-sao.? 
SP-KO06 
SP-K007 
SPSOOR 
SP^^OOO 
SP-S012 
SP-8014 
SP-8010 
SP-^022 
SP-8029 


SP-8020 


SPSOM 

SP-8032 


SP-80.VS 


SP-8040 


SP-KD42 

SP-8n42 


SP-8044 


Sp;iCc\’rafi Thcrrnii! Contiol, May 1973 


Hiiffctinr Diirine Atmosplunic A'icont, Rovi<;od Kovcmbcr 1970 
riiclit-I n:uis Mcasttrcnu'rus Durinp L.nunch and Exit, December 1964 
riimer, Hu//, and Divergence, July 1964 
Pane! 1 lutiof, Revised June 1972 

l.ocrd SuMdy Aerodynamic Load'v During Launch and Lxii, May 1965 

Buckling ofTIiin-Walled Circular Cylinders, Revised August 1968 

Pielatincli Ground Wind Loads, November 1965 

Puipellan! Slosh Loads, August 1968 

Natural \^ibratiiMi Modal Anah'sis. September 1968 

luitry Thermal Piotection, August 1968 

Buckling of Thin -Walled Truncated Ci>nes, September 1968 

Staging l.oads, February 1969 

Aerodynamic and Rocket-Fxliatist floating During Launch and Ascent 
May 1969 

Transient Loads From Thrust Fxcitation, Fcbruar\‘ 1969 
Sh'sfi Suppression, May 1969 

Buckling of T in n -Walled DiUibly Cun'od Shells, August 1969 

Wind Loads During Ascent, June 1970 

Fracture Cmitrol of Metallic Piessure Vessels. May 1970 

Meteoroid Damage Assessment, May 1970 

Design -Development Testing, May 1970 

Ouahfication Testing, May 1970 
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SP-8045 


Acceptance Testing, April 1970 


SP-8046 

SP-8050 

SP-8053 

SP-8054 

SP-8055 

SP-8056 

SP-8057 

SP-8060 

SP-8061 

SP-8062 

SP-8063 

SP-8066 

SP-8068 

SP-8072 

SP-8077 

SP-8079 

SP-8082 

SP-8083 

SP-8095 

SP-8099 

SP-8104 


Landing Impact Attenuation for Non-Surface-Planing Landers, April 
1970 

Structural Vibration Prediction, June 1970 

Nuclear and Space Radiation Effects on Materials, June 1970 

Space Radiation Protection, June 1970 

Prevention of Coupled Structure-Propulsion Instability (Pogo), October 
1970 

Flight Separation Mechanisms, October 1970 

Structural Design Criteria Applicable to a Space Shuttle, Revised March 
1972 

Compartment Venting, November 1970 

Interaction with Umbilicals and Launch Stand, August 1970 

Entry Gasdynamic Heating, January 1971 

Lubrication, Friction, and Wear, June 1971 

Deployable Aerodynamic Deceleration Systems, June 1971 

Buckling Strength of Structural Plates, June 1971 

Acoustic Loads Generated by the Propulsion System, June 1971 

Transportation and Handling Loads, September 1971 

Structural Interaction with Control Systems, November 1971 

Stress-Corrosion Cracking in Metals, August 1971 

Discontinuity Stresses in Metallic Pressure Vessels, November 1971 

Preliminary Criteria for the Fracture Control of Space Shuttle 
Structures, June 1971 

Combining Ascent Loads, May 1972 

Structural Interaction With Transportation and Handling Systems, 
January 1973 
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GlUDANTr: AM) f'ONTROI 


SP-sni5 

SF’-Sni6 

SP-snis 

SP-KOM 


SP-K0:6 


SP-sn:7 


sp-)^o:k 


SP-sn’,1 


SP-RO.v? 


SPSO.Vi 


SP-S017 

SP-KOSS 

SP-f!n5‘) 

SP-sor,5 
SP-S070 
S\'S01 1 
SP-S074 
SP-S07K 
SP-Kosr. 
SP.f?0'>6 


Cluiti.iiK'i:’ and N.ivipation for PiHry N'ehidos, Novirnihcr lOfiS 

ITl'tvU of Smu-iural ricxibility on Spacecraft Control SystciiT;, April 
196') 

Spacecraft Magnetic Torqites, March 196') 

Spacecraft Gravitational Torques, May 1969 

Spacecraft Star Trackers, July 1970 

Spacecraft Radiation Torques, Ocloher 1969 

r.ntry Vehicle Control, Nhweniher 1969 

Spacecraft Parth Horizon Sensors, Deceinher 1969 

Spacecraft Mass l•xpulsion Torques, Decemher 1969 

l-:fl‘ eels of Strueturnl Flexihiliiy on Launch Vehicle Control Systems, 
Fehrunry 1070 

Spacecraft Sun Sensors, June 1070 
Spacecraft Aerodynamic Ttuques, January |07l 

Spacecraft Attitude Control Durine Thrusfinp Manntvers, Fehruar\- 
1071 

Tubular Spacecraft Booms frxtendible, Reel Stored), Februar)* 1071 

Spaceborne nigital Computer Systems. March 197 1 

Passive Gravity^Cradient Ubration Dariipers, February 1071 

Spacecraft StdarCell Arrays. Ma\- 1071 

Spaceborne Flectronic Imapinp S)‘stems, June 1071 

Space Whicle Displays Desipn Ciiierin, March 1072 

Space Whicle Gyroscope Sensor Applications, October 1072 


SP-8098 

SP-8102 

CHEMICAL PROPULSION 
SP-8087 
SP-8107 
SP-8I09 
SP-8052 
SP-8110 
SP-8081 
SP-8048 
SP-8101 

SP-8100 

SP-8088 

SP-8094 

SP-8097 

SP-8090 

SP-8080 

SP-8064 

SP-8075 

SP-8076 

SP--8073 

SP-8039 


Effects of Structural Flexibility on Entry Vehicle Control Systems, 
June 1972 

Space Vehicle Accelerometer Applications, December 1972 


Liquid Rocket Engine Fluid-Cooled Combustion Chainbers, April 1972 

Turbopump Systems for Liquid Rocket Engines, August 1974 

Liquid Rocket Engine Centrifugal Flow Turbopumps, December 1973 

Liquid Rocket Engine Turbopump Inducers, May 1971 

Liquid Rocket Engine Turbines, January 1974 

Liquid Propellant Gas Generators, March 1972 

Liquid Rocket Engine Turbopump Bearings, March 1971 

Liquid Rocket Engine Turbopump Shafts and Couplings, September 
1972 

Liquid Rocket Engine Turbopump Gears, March 1974 . 

Liquid Rocket Metal Tanks and Tank Components, May 1974 

Liquid Rocket Valve Components, August 1973 

Liquid Rocket Valve Assemblies, November 1973 

Liquid Rocket Actuators and Operators, May 1973 

Liquid Rocket Pressure Regulators, Relief Valves, Check Valves, Burst 
Disks, and Explosive Valves, March 1973 

Solid Propellant Selection arid Characterization, June 1971 

Solid Propellant Processing Factors in Rocket Motor Design, October 
1971 

Solid Propellant Grain Design and Internal Ballistics, March 1972 
Solid Propellant Grain Structural Integrity Analysis, June 1973 
Solid Rocket Motor Performance Analysis and Prediction, May 1971 
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SP-S051 


SP-8025 

SP-S04I 


Solid Rocket Motor Igniters, March 1971 
Solid Rocket Motor Metal Cases, April 1970 
Captive-Fired Testing of Solid Rocket Motors, March 1971 


•U.S. OOVERtWEMT PRIMTING OITICEj 1975 - 635-2T5A 


118 


